Radiation monitoring in the MEO environment with GIOVE-A by Taylor, Benjamin Owen
Radiation monitoring in the MEO environment with 
GIOVE-A 
by 
Benjamin Owen Taylor 
Submitted for the degree of Doctor of Philosophy 
Faculty of Engineering and Physical Sciences 
University of Surrey 
November 2008 
© Benjamin Owen Taylor 2008 
ABSTRACT 
The European GNSS system Galileo is being designed to operate 30 satellites in MEO. The 
design of these satellites requires a thorough understanding of the radiation environment. To 
this end a pair of radiation monitors, CEDEX and Merlin, were carried on the precursor 
mission GIOVE-A. These collected data on electrons, protons and heavy ions over the 
nominal mission life of 27 months. This work was aimed at understanding the response of 
the instruments and therefore understanding the radiation environment in MEO to determine 
if existing models of the environment are accurate enough for the design of the full Galileo 
constellation. 
The instruments have been modelled to determine the response expected from the 
environment, in addition to geometrical calibration and radiation testing. This allowed 
comparisons to the environment expected from existing environment models, currently used 
for engineering and scientific purposes. Comparisons to models suggest the proton and 
heavy ion spectra are in good agreement to models, for both quiet periods and during a series 
of large solar proton events in 2006. The electron environment in the GIOVE-A orbit has 
been found to be highly variable, driven by interactions with persistent solar features giving 
rise to a 27 periodicity in the data, in line with the synodic rotation period of the Sun. The 
electron environment has been found to be within error margins of standard model 
predictions. These models are long term averages however and as such require at least a full 
II year solar cycle to be compared fairly. 
Comparisons of CEDEX and Merlin data show good empirical agreement with other flight 
data, including GOES-11, INTEGRAL/IREM and STRV-b, for both protons and electrons. 
An electron energy spectrum was derived which was shown to differ from that encountered 
in the previous solar cycle, and constitutes a good match to environment models. 
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CHAPTER 1- INTRODUCTION 
1.1. Motivation 
A Global Navigation Satellite System (GNSS) allows a user to accurately determine their 
position on the Earth. Current systems use accurate time signals from a number of satellites 
to determine the location of a receiver based on time-of-flight measurements from the timing 
signals. Each measurement places the receiver on a spherical shell from the transmitter. By 
combining four or more satellite signals, the receiver's position can be accurately 
determined. Currently, there is only one fully operational GNSS, the US NAVSTAR GPS. 
The Russian GLONASS system is currently being restored to operational capacity and the 
European Galileo system is being prepared for deployment. In addition to these systems, a 
number of other navigation systems exist or have been proposed, often as overlay systems to 
complement other GNSS services. The three main systems listed above all have a similar 
operational mode, the use of numerous ( -20-30) spacecraft in multiple orbital planes in a 
Medium Earth Orbit (MEO). 
Envisaged as an independent commercial system, Galileo is the planned European GNSS. 
The system is completely civilian, as opposed to the US and Russian systems which were 
originally intended for use by those countries militaries and their allies. The majority of the 
funding for Galileo was originally planned to come from the private companies and 
investors, with the EU and ESA paying - l/3d of the costs. 
Ahead of the Galileo constellation, two test bed satellites were ordered, GIOVE-A and -B. 
GIOVE-A built by Surrey Satellite Technology Ltd. (SSTL), and GIOVE-B built with 
Astrium as prime contractor. The test bed satellites had four main mission objectives: 
" Secure frequency filing 
The frequency to be used by the Galileo system could only be formally filed with the 
ITU after it met certain criteria, which had to be met by June 2006. Without this filing, 
the frequency may not have been legally available for the system. 
" Provide a signal in space for experimentation 
The first Galileo navigation signal from GIOVE-A was received 12th January 2006 and 
has been transmitting regularly since. This gives access on the ground to a Galileo signal 
for experimentation and development purposes. 
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" Test key payload technologies 
Both test bed spacecraft carry advanced atomic clocks, along with advanced electronics 
to generate the navigation signal. It is important that these technologies are proven in 
space prior to the launch of the final constellation. 
" Characterise the MEO radiation environment 
The radiation environment in MEO has not been extensively characterised in the past 
and little data is available in the public domain. To that end, GIOVE-A is equipped with 
two radiation monitors, CEDEX, built by the University of Surrey and Merlin, built by 
QinetiQ, to measure this environment. The two instruments provide complimentary data 
and also deliver a degree of redundancy. GIOVE-B is equipped with the Standard 
Radiation Environment Monitor (SREM) built by the Paul Scherrer Institute (PSI) in 
Switzerland. 
The 660kg GIOVE-A spacecraft was launched into a 23,250km circular orbit inclined at 56° 
atop a Soyuz-Fregat launch vehicle from the Baikonur cosmodrome in Kazakhstan on 28th 
December 2005. GIOVE-B followed later, attaining a similar orbit on 26`h April 2008, 
delayed from early 2006. 
This research aims at supporting the design of the Galileo constellation. Since this 
constellation is in an orbit that has not previously been studied to a great degree, it is 
important to properly understand the environment that will be encountered by the satellites. 
The effects radiation can have on a spacecraft are varied, ranging from soft errors such as 
SEUs due to GCRs, up to destruction of devices leading to the loss of a spacecraft due to, for 
example, TID effects, SEB or ESD. These dangers can be designed for by applying 
redundancy, shielding or rad hard components. However, any mitigation strategy increases 
component costs or mass, which in turn increases launch cost. Optimising a spacecraft 
design dependent on the radiation environment is a common feature of the development 
process. 
I. 2. Objectives and Scope 
The objective of this thesis therefore is to utilise the data obtained by the radiation monitors 
on board the GIOVE-A spacecraft to determine if existing models of the radiation 
environment are sufficiently accurate for the design of the constellation. If the environment 
is found to be less severe than expected, the margins applied to the design of the 
constellation could be reduced, or at least found to be sufficient for the design. Alternatively, 
if the environment were found to be more severe than expected, the design margins would 
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have to be increased to ensure the survival and availability of the constellation. To make a 
convincing argument on the state of the environment compared to model predictions is not 
trivial. Firstly, a review of the existing state of knowledge of the environment was 
performed. Despite a number of spacecraft passing through the orbit and encountering a 
similar region of space, there have not been any significant studies performed of the 
environment encountered by GIOVE-A. There are a number of models that predict the 
environment encountered which are under scrutiny in this thesis, however these are largely 
extrapolated to the GIOVE-A orbit from magnetically connected regions. 
The instruments taking the measurements first had to be properly calibrated to determine the 
energies and particles the instruments are sensitive to. This took the form of geometrical 
considerations for the particle telescopes, as well as 1-D Monte Carlo simulations. Much of 
the calibration of the Merlin instrument was performed by QinetiQ prior to launch, as with 
the CEDEX instrument at the University of Surrey. The experimental dose rate diodes on 
CEDEX were not calibrated prior to launch. Testing of the CEDEX EM in REEF at QinetiQ 
determined a conversion of the dark current to an ionising dose rate encountered. 
The instruments were then modelled to determine the response that would be expected from 
them given the environment predicted by models. These modelling activities consisted 
largely of simulations of the GIOVE-A instruments with GEANT-4 based packages, 
including 1- and 3-D Monte Carlo modelling and sectoring analysis. This allows for a direct 
comparison of the environment encountered by the instruments to environment models. 
These model predictions were then compared to flight data. 
The SURF instrument is sensitive only to electrons due to the fashion of detection, the direct 
measurement of charge deposition. This produces a relatively straightforward conversion 
from charging current to flux measurement, allowing a limited flux spectrum to be derived 
from these data. 
The data obtained from GIOVE-A was compared to other sources in order to verify the 
results. As no spacecraft have flown in the Galileo orbit prior to GIOVE-A, those that cross 
the orbit of GIOVE-A or encounter magnetically equivalent regions were used. The 
INTEGRAL observatory is in a HEO, which takes it close to the GIOVE-A orbit. 
INTEGRAL carries an IREM instrument developed by PSI which monitors electron and 
proton fluxes. Since it is only sensitive to electrons, the SURF data was compared to 
INTEGRAL/IREM data to confirm these results. Initially, data from GIOVE-B would have 
been used for this purpose, however the delays to launch the spacecraft left little period of 
overlap with GIOVE-A. 
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The other electron sensitive instruments on GIOVE-A are dose sensitive and therefore a 
conversion to flux is far more complex. 
The ultimate aim of this research would be to produce a model of the environment similar to 
AE-8 based on data obtained from the GIOVE precursor spacecraft. However, this is beyond 
the scope of this thesis. 
I. 3. Novel Contributions 
This thesis presents data from new instruments monitoring the environment for the future 
Galileo constellation. As such the novel contributions made by this thesis are: 
" Calibration of a new instrument, CEDEX, utilising photodiodes as radiation 
monitors. The effect of ionising radiation on photodiodes has been well known for 
some time, however it has never been used as a tool for quantitative measurements; 
" Modelling of novel instruments, CEDEX and Merlin, to derive expected flight 
results; 
" Radiation data from a new, previously un-utilised orbit; 
" Derivation of electron spectrum based on flight data from an un utilised orbit using a 
novel instrument, SURF; 
"A cumulative dose rate curve defining proportions of total dose deposited at varying 
dose rates, with implications for radiation hardness assurance. 
I. 4. Structure of Thesis 
Chapter 2 examines the current understanding of the space radiation environment. An 
overview of the different aspects of the radiation environment in MEO is given, followed by 
a review of potential radiation hazards and effects. An explanation of existing models of the 
environment covering trapped radiation and cosmic ray spectra is included before a review 
of spacecraft that have examined the MEO radiation environment prior to the GIOVE-A 
mission. Finally, a brief overview of GIOVE-A and the radiation monitors it carries is given. 
Chapter 3 presents the calibration of the CEDEX and Merlin instruments on board the 
GIOVE-A spacecraft. This includes geometrical considerations to determine geometric 
factors, computer modelling and radiation testing in REEF at QinetiQ. A degree of 
calibration was performed prior to launch, however a good deal of the calibration activities 
were performed after launch using flight data in addition to testing with the engineering 
model. A review of how coordinate data is applied to the flight data received is also shown. 
Chapter 4 presents the modelling of the CEDEX and Merlin instruments. The various 
software packages used to model the instruments are introduced, including GEANT-4 based 
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models, coving Monte Carlo simulations and sectoring analysis, amongst others. Each of the 
component detectors of each instrument are addressed and the modelling results presented. 
Chapter 5 presents data obtained from both instruments on orbit over the course of the 
mission. This data is analysed for variations in time and space for trapped electrons and 
cosmic and solar particles. These data are compared to model predictions derived from 
modelling of the instruments, as addressed in Chapter 4, determining how accurate these 
models are for the environment. This takes the form of long term average comparisons of 
expected measurements to those obtained, as well as direct comparisons to derived particle 
fluxes. These data are also compared to data from the IREM instrument onboard the 
INTEGRAL spacecraft. This analysis culminates in an energy spectrum based on the 
average environment encountered by GIOVE-A over the course of the mission compared to 
model predictions and data from STRV for the previous solar minimum. 
Chapter 6 concludes this thesis and proposes future work to be performed in this area. 
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CHAPTER 2- THE MEO RADIATON ENVIRONMENT 
This chapter presents an overview of the radiation environment expected in the MEO 
environment as well as models used to estimate the magnitude of the radiation. Some effects 
of radiation are addressed, as well as some prior spacecraft that have experienced an 
equivalent environment. Finally, an overview of the GIOVE-A spacecraft and the radiation 
monitors it carries is given. 
2.1. The Solar Cycle 
The Sun is a very dynamic body. The main periodicity in solar activity is the approximately 
11-year solar cycle. Over the solar cycle, the Sun's internal magnetic field and the surface 
disturbance level can change dramatically. At the beginning of a cycle, the solar magnetic 
field is approximately a dipole with its axis aligned with that of the Sun's rotation. During 
the following 5-6 years, the Sun undergoes a magnetic reversal. The dipole configuration 
gives way to a chaotic, highly variable configuration before stabilizing into a reversed 
dipole. This 11-year cycle was first observed in the number of sunspots present on the 
surface of the Sun. Solar activity is at its greatest and sunspots are most common when the 
solar magnetic field is at its most chaotic. This is known as solar maximum, conversely solar 
minimum occurs when the Sun is at its most stable, in a near dipole configuration. Although 
the total energy output of the Sun is only about 0.1% greater at maximum years than at 
minimum years, the 11-year variability is reflected - via solar wind and geomagnetic 
activity. Due to the fact two reversals of the magnetic field are required for the sun to return 
to the state it was originally in, it could be said that the cycle is in fact a 22-year cycle. 
Indeed there is some evidence to suggest that consecutive 11-year cycles differ due to the 
overarching 22-year cycle. Sunspot records date back to the mid 17th Century and so the 
long-term variation of the Sun is fairly well observed, as shown in Figure 2-1. The period 
covered by this research, 2005-2008 occurs at solar minimum. [MURS-98) 
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Figure 2-1 Variations In Sunspot Numbers, A Strong Indicator Of Solar Activity From 1700 To 
Present Showing A Strong 11-Year Periodicity 
2.1.1. Solar Wind 
The Solar wind is typically a low-density stream of electrons and protons travelling at 
around 400kms', equivalent to -IkeV for protons. However, the solar wind can be enhanced 
to become a faster stream with a velocity of up to around 800kms" by action of coronal 
holes. These are essentially open magnetic field lines allowing the solar wind to be released 
far more easily than from areas with closed field lines. Typically at solar minimum large 
coronal holes are present at the poles, due to the dipole arrangement. They are still present 
around mid latitudes however and account for the main source of solar activity at solar 
minimum. They can be persistent features and rotate with the Sun with a period of -27 days 
for many months [BART-32]. The flow of material from these Coronal holes is known as a 
Co-rotating Interaction Region (CIR) [KATA-06]. 
2.2. The Space Radiation Environment 
The near Earth space radiation environment is composed of a range of particles with energies 
ranging from below keV to above GeV. These particles either are trapped in belts around the 
Earth or are passing through the solar system. The three main elements of this environment, 
Cosmic Rays, Solar Proton Events and trapped radiation are considered here [HOLM-02]. 
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2.2.1. Galactic Cosmic Rays (GCRs) 
GCRs originate from outside the Solar System but are generally associated with galactic 
sources. They constitute a continuous low-flux component of the space radiation 
environment. On average, they comprise 85% protons, 14% alpha particles and 1% heavier 
ions. The energy of these particles varies greatly and thus they have a range of origins. Some 
higher energy particles are thought to have been accelerated by supernovae and other exotic 
processes. Others with higher energies still have no known physical process to generate them 
[HOLM-02]. 
2.2.1.1. Linear Energy Transfer (LET) Spectra 
The LET of a cosmic ray is a useful property to consider. The LET is essentially the energy 
deposited into a material the particle is passing through per unit path length. The path length 
is commonly multiplied by the density, as this is independent of material. The energy loss of 
a particle in a medium and therefore its LET is given by the Bethe-Bloch formula in Equ. 2-1. 
dE 4; r nzý e2 
2 
2m c2, ß2 In -2 E u. 2-1 dx mec2 4ffeo I 1- ß3 
Q9 
Where /. v/c, v= velocity of particle, E=energy of particle, x=distance travelled by particle, 
c=speed of light, macharge number of particle, e=charge of electron, me mass of electron, 
n=electron density of target material (nocZ), e permittivity of free space, Z=atomic number 
of target material [KRAN-87]. 
The cosmic ray spectrum can then be converted to the LET spectrum, which is more useful 
when considering radiation effects, by considering all energies and particle species. An LET 
spectrum combines all species and energies into a single curve dependent on how much 
energy they transfer per unit length, thus combining low energy, high Z particles with higher 
energy low Z particles. From Equ. 2-1, it can be seen that the highly populous protons have 
drop off in LET at higher energies. Therefore, higher LETs are only produced by heavier 
ions with a greater charge. The lower LET portion of the spectrum is dominated by protons, 
giving way to alpha particles at intermediate LETs before finally being due to rare heavy 
ions. The total energy deposited in a device is the energy loss integrated along the path 
length. 
2.2.1.2. Geomagnetic Shielding 
For GCRs to reach a spacecraft, they must penetrate the Earth's magnetic field. As moving 
charged particles, they will tend to be deflected away from the Earth. The ability of a particle 
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to traverse the Earth's magnetic field is dependent on its momentum, p, and charge, q, a term 
called its "Magnetic Rigidity", p. 
P=P 
q 
Equ. 2-2 
Within the Earth's magnetic field, there is a minimum rigidity at each point that a cosmic ray 
requires to reach it. This is known as the geomagnetic cut-off, as below this minimum 
particles are deflected away. This cut-off is lowest towards the edges of the magnetosphere 
further from the Earth as the field strength decreases, and at the Earth's poles. As such, 
satellites in an equatorial LEO will have a degree of shielding, whereas a polar orbiter or a 
spacecraft in a higher altitude GEO or MEO will be more exposed. 
2.2.1.3. Solar Cycle Variation 
The background GCR flux is modulated by the solar cycle. Around Solar maximum, the 
greater activity of the Sun enhances the solar magnetic field, expanding the heliosphere, the 
region of magnetic influence of the Sun. As with the Earth's magnetic field this tends to 
make it more difficult for GCRs to enter the solar system, and thus decreases the lower 
energy GCR environment, higher energy particles continue to enter the solar system 
unaffected. The GCR flux is therefore anti correlated to solar activity and therefore the solar 
cycle. The decrease in cosmic ray flux at solar maximum is known as the Forbush Decrease. 
2.2.2. Solar Proton Events (SPEs) 
SPEs occur when protons emitted by the Sun are accelerated to high energies and are 
incident on the Earth's magnetosphere. This can occur either directly by a solar flare, or by 
accelerating shocks associated with Coronal Mass Ejections (CMEs). Despite often having a 
softer energy spectrum than trapped protons, the events can have a significant total fluence 
and therefore can pose a major threat. SPEs are far more common around Solar maximum 
when the Sun's magnetic field is more complex giving rise to a greater number of active 
sunspots and therefore more chance of a solar flare. A number of events are expected every 
solar cycle, however some of these events can be significantly greater in terms of fluence 
than other events posing a major danger to spacecraft and astronauts. Major events have 
occurred in 1972,1989,2001 and 2003 each resulting in the loss of spacecraft and in the 
case of the 1989 event, a major blackout in North America. The 1972 event was so severe it 
constituted -70% of the total solar protons of the entire solar cycle. As with GCRs, the 
Earth's magnetic field can give varying degrees of protection from these events. [HOLM- 
02] 
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2.2.3. Geomagnetically Trapped Radiation 
The Earth is surrounded by belts of trapped electrons and protons, the main source of 
ionizing radiation for the GLOVE-A mission. The mechanism of trapping and the nature of 
this radiation are described below. 
2.2.3.1. Mechanism Of Trapping 
Charged particles in a magnetic field are subjected to the Lorentz force. This force causes 
moving charged particles to gyrate in the plane perpendicular to the magnetic field lines. In 
the case of subatomic particles, this can occur thousands of times a second. This gyration 
around the field line gives rise to the first adiabatic invariable, the magnetic moment of the 
particle, 1u. Any velocity component parallel to the magnetic field is unaffected by a uniform 
magnetic field. If the magnetic field lines converge, as they do towards the poles in a dipole 
field, a repellent force acts upon the particles, deflecting them from the stronger field region, 
eventually reversing their direction of motion. This causes mirroring at regions close to the 
poles. The motion along the field line is associated with the second adiabatic invariant, J, the 
integral of the particles momentum along the field line. As the particle gyrates around the 
field line in a dipole field, it encounters a greater magnetic field strength closer to the dipole 
centre. The greater field strength close to the Earth causes a smaller radius of gyration and 
therefore leads to a longitudinal drift perpendicular to the dipole field. This motion is 
associated with the third adiabatic invariable, c, the magnetic flux enclosed by the drift path 
[WALT-94]. Since protons and electrons have opposite charges, these two species drift in 
opposite directions. Figure 2-2 shows a basic representation of the motion of a trapped 
particle in the Earth's magnetic field. 
1 
Mirror Point 
This picture from www. spenvis. oma. be 
Figure 2-2 - Diagram Demonstrating The Three Main Modes Of Geomagnetically Trapped 
Particle Motion ASPEN-06aß 
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2.2.3.2. The Earth's Magnetic Field 
Like most planets, the Earth has a significant magnetic field. As a first approximation, this 
field can be considered as a dipole inclined -11° from the planet's rotational axis and offset 
from the centre. The existence of the field is attributed to a dynamo effect caused by the 
convective motion of the Earth's liquid outer core, thus generating a current, and thus also a 
magnetic field. The internal structure of the Earth is of course very complex and also 
therefore is the true magnetic field it generates. Not only is this magnetic field complex, it is 
also highly variable over geologic timescales, and indeed seems to undergo reversals in 
polarity from time to time. On shorter time-scales, these changes manifest themselves as a 
drift in the magnetic field. 
In addition to this internal magnetic field, the Earth also generates an external magnetic field 
due to charged particle motion in the magnetic field region surrounding the Earth, called the 
magnetosphere. The Earth's magnetosphere is the region of magnetic influence by the Earth. 
Beyond it, the Sun's magnetic field dominates. Due to the influence of the Sun, the 
magnetosphere is compressed on the sun facing side and drawn out into a long tail on the 
other. 
If the geomagnetic field were a simple dipole, contours of constant magnetic field, B, would 
be lines of latitude. However, to represent the complex geomagnetic field, a multi-pole 
expansion based on spherical harmonics is used with variable parameters that change over 
time. In polar coordinates, the magnetic field potential, yr, at any point is given by: 
yi(r, B, 0) = RE 
RE n+l nIn 
cos(m0) + h' sin(m0))Pn (cosh) Equ. 2-3 
n=1 m=011b, 
Where RE is the radius of the Earth, P' are Legendre functions having the Schmidt 
normalisation and coefficients g'° and h" are adjusted to fit experimental measurements of 
the magnetic field over the globe. 
The International Geomagnetic Reference Field (IGRF) is the standard magnetic field in use 
today and modem fields consists of -200 coefficients. The IGRF is updated every 5 years 
providing a new epoch. Changes in the field in the intervening years are accounted for by 
secular variation terms of dgnm/dt and dh/dt, allowing the field at any given time to be 
determined. Despite the multiple terms, the dipole term remains by far the most significant. 
Most of these distortions are due to the fact the magnetic axis and the Earth's spin axis are 
not aligned, and also the offset of the magnetic field from the centre of the Earth. The IGRF 
for 2005 at the surface of the Earth is show in Figure 2-3 with poles over northern Canada 
and south of Australia. There is also a large region of significantly reduced field around the 
eastern coast of South America into the South Atlantic [WALT-94]. 
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Figure 2-3-IGRF 2005 At The Earth's Surface Showing The Distorted Magnetic Field Of The 
Earth [KYOT-051. 
The total geomagnetic field is a combination of a number of factors. In addition to the 
powerful "core" field produced by the currents flowing inside the Earth, there is also the 
external current system caused by currents flowing in the Earth's magnetic field. Three main 
current systems exist in the Earth's magnetosphere: on the magnetopause, on the neutral 
sheet of the geomagnetic tail and the ring current around the Earth caused by trapped 
radiation. These currents and their associated fields become important at altitudes above 
-4RE and dominate towards the magnetopause and into the tail region. There are a number of 
models used to determine this external magnetic field. 
2.2.3.2.1. Magnetic Storms And Substorms 
On occasion, the Earth's magnetic field will release energy from the tail of the 
magnetosphere due to interactions with the Interplanetary Magnetic Field (IMF). This results 
in a geomagnetic substorm, with the effect that the magnetic field becomes less distorted and 
a closer match to a dipole. This reconfiguration of the magnetic field causes a rapid release 
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of energy in the magnetosphere. This causes an increase in the population and energy of 
trapped particles, typically lasting a few hours. On Earth, this manifests as increase in the 
polar aurora, in space the increase in the population can have charging effects on spacecraft 
[WALT-94]. 
Magnetic storms can occur due to a sudden change in the properties of the solar wind. An 
increase in the velocity or density of the solar wind compresses the magnetosphere on the 
dayside. This compression accelerates trapped particles in the same way as substorms, 
energising the radiation belts [WALT-94]. 
The ring current around the Earth increases during geomagnetic disturbances as the trapped 
particles are enhanced in energy. This change in the ring current causes a change in the 
horizontal component of the Earth's magnetic field. As the ring current strengthens, this 
component of the magnetic field becomes weaker. The Disturbance storm time or Dst index 
is a measure of the change in the magnetic field away from a long-term average. It is based 
on measurements of the magnetic fields horizontal component from near equatorial stations 
around the world. It is used as an index of storm strength as it is inversely proportional to the 
energy density of the energy content of the ring current. 
2.2.3.3. The BL Coordinate System 
When considering the Earth's magnetic field and radiation belts, conventional polar or 
Cartesian coordinates become impractical, particularly when considering the variations of 
the field away from a dipole. The scalar magnetic field, B, is a useful coordinate to use since 
particles mirroring at a certain B will mirror at the same value of B anywhere on their 
longitudinal drift. There are three adiabatic invariants in the motion of trapped particles, 
associated with each of the motions trapped particles undergo. One of these, associated with 
the bounce up and down a field line can be used to define drift paths. An associated function 
to this can be defined depending solely on the magnetic field geometry. This variable, I, is 
useful as positions with the same B and I coordinates are magnetically equivalent from the 
perspective of a trapped particle. I can be defined as: 
1=jÄ 1-Bm ds 
E: ) 
Equ. 2-4 
Where A and A' are magnetically equivalent points along a field line at which particles 
mirror. B(s) and ds are the magnetic field intensity and the line element along the field line 
respectively. B, n is the magnetic field intensity at the mirroring points A and A'. The 
quantity, I, does not vary linearly with any familiar variable, nor is it clear from given values 
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of B and I at multiple locations whether these positions are near the same magnetic drift 
shell. 
The BL coordinate system was derived in 1961 by C. E. Mcllwain and is a solution to these 
problems. This system makes use of R0, the distance from the centre of a dipole to the 
equatorial crossing of a field line, also therefore the minimum value of B. In a dipole, Ro 
defines a field line as well as a drift shell. In a dipole field, at given B, I coordinates, the 
crossing point Ro can be determined as a function of BD, ID, and the magnetic moment of the 
dipole, MD. Defining a function of the dipole magnetic field: 
RO =f(BD, ID, MD) Equ. 2-5 
In order to represent the Earth's magnetic field, a new variable, L, is defined at a given 
location based on values of B and I at that location from the true distorted magnetic field. 
However, it uses the same functional relationship relating the equatorial crossing distance to 
B and I for a dipole: 
LRE = f(B, I, ME) Equ. 2-6 
Where ME is the dipole term for Earth's magnetic field. By definition, locations with the 
same B, I coordinates will have the same L values. In addition, positions on the same field 
line in the Earth's complex magnetic field will have approximately the same values of L. 
Therefore a trapped particle in the Earth's magnetic field will follow a path of near constant 
L. The value of L denotes the distance from the centre of the equivalent dipole to the 
equatorial crossing of the drift shell in Earth radii. 
For the sake of clarity, the Earth's trapped radiation is often represented as a population in a 
dipole field. It is therefore convenient to represent fluxes in r-X coordinates based on the B, 
L coordinates in the distorted geomagnetic field. r-k can be defined implicitly by: 
r=Lcos2A 
2 Y2 B_ Bp 4_ - 
r3 L 
Equ. 2-7 
Where r is in units of Earth radii. Thus defining a clear description of an equivalent dipole 
field [WALT-94]. 
2.2.3.4. Trapped Proton Population 
The Earth's radiation belts are commonly divided into an inner zone and an outer zone with 
a slot region at L= -2-2.5 RE. The inner radiation belt is dominated by energetic protons up 
to energies of -500MeV. Energetic proton (> 10MeV) are confined below L -4 whilst lower 
energy protons (-1 MeV) are present at low fluxes out to geostationary orbit around L=6.6. 
As such, the trapped proton environment is most important when considering satellites in 
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LEO, as this constitutes the majority of dose and SEU activity encountered. With increasing 
energy, the peak in the belt tends towards lower altitudes as the spatial coverage and fluxes 
become smaller. The most significant feature of the trapped proton environment is the South 
Atlantic Anomaly addressed in 2.2.3.2. Proton fluxes in the SAA are orders of magnitude 
greater than at other locations at the same altitude [WALT-94]. 
The variation in solar irradiation of the Earth over the solar cycle causes the Earth's 
atmosphere to expand at solar maximum and contract at solar minimum. At low altitude, this 
leads to an increase in the interaction of trapped protons with the atmosphere and therefore a 
drop in the population density. This effect becomes less severe with increasing altitude. The 
effect of the atmosphere stripping protons from the radiation belts also gives rise to an 
anisotropy in the arrival direction of protons. During a gyration around their field line, 
protons encounter differing atmospheric densities and therefore the flux varies dependent on 
the direction it is coming from. This is know as the East-West effect and can cause 
differences of a factor -3 or more in fluxes arriving from different azimuths [WALT-94]. 
2.2.3.5. Trapped Electron Population 
The trapped Electron environment can be split into two populations the inner zone and outer 
zone with the slot region between the two. Electron energies up to -7MeV are present in this 
population. The location and extent of the two belts is dependent on electron energy as is the 
location of the slot region. Higher energy electrons confined more to the inner belt with 
lower energy electrons populating the outer belt beyond geostationary orbit. The outer belt 
reaches very low altitudes at high latitudes, often with mirror points inside the Earth's 
atmosphere. At higher altitudes at L>5, the local time becomes significant as the 
geomagnetic field becomes warped by the solar wind [WALT-94]. 
The population is extremely dependent on geomagnetic conditions, enhancing significantly 
during periods of increased activity. As such, there is a significant variation between solar 
maximum and solar minimum with differing average fluxes. The outer electron belt is 
enhanced around the declining phase of solar maximum and around solar minimum due to an 
increase of coronal holes on the Sun. These give rise to fast solar wind streams that trigger 
geomagnetic storms and therefore an enhancement in the belt due to the excitation and 
acceleration of the trapped electrons. This means there is a close correlation between 
energetic trapped electron fluxes and solar wind velocity and density. In addition to the solar 
cycle, there is a strong seasonal variation, with the environment generally becoming more 
susceptible to enhancement around the equinoxes. This is due to the geometry of the Sun- 
Earth connection and the alignment of the respective magnetic fields [RUSS-73]. 
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The primary source of electrons in the outer radiation belt is the solar wind. Geomagnetic 
substorms inject solar wind electrons into the plasma sheet in the tail of the magnetosphere 
with energies -1 OkeV, which are further accelerated within the magnetosphere. 
Transport to the inner magnetosphere occurs by particle diffusion through increments of L- 
shell. This is usually termed radial diffusion as the process changes the radial distance of the 
trapped particles from the Earth. Radial diffusion is associated with fluctuations in the third 
adiabatic invariant, caused by variations in the magnetic or electric fields on the timescale of 
a drift period. These variations can be due to pressure pulses in the solar wind, ultra low 
frequency (ULF) waves, or due to changes in the fields driven by magnetic storms and 
substorms. The overall effect is that low energy plasma particles are transported inwards 
towards the Earth and gain energy in the process in order to maintain a constant magnetic 
moment, the first adiabatic invariable, in the stronger magnetic field [LI-01]. Therefore, 
when geomagnetic storms and substorms occur as a result of the impact of a fast solar wind 
stream, the outer radiation belt will become energized due to the acceleration of electrons by 
radial diffusion. 
Local acceleration of particles in the magnetosphere is commonly thought to be due to wave 
particle interactions. It is thought that waves with a similar frequency to the electron 
cyclotron frequency resonate with the electrons, breaking the first and therefore all three 
adiabatic invariants. Essentially, energy is transferred from a large population of low energy 
electrons accelerating a small proportion of the population to higher energies of -'1-10MeV 
[HORN-07]. 
2.3. Environment Models 
A number of models exist to predict the various aspects of the radiation environment in Earth 
orbit. A number of these models are implemented in the SPENVIS online space environment 
system [SPEN-07]. These are addressed in the following sections. 
2.3.1. Radiation Belt Models 
There exist a range of models predicting the trapped radiation environment around the Earth. 
These cover both electrons and protons across a range of energies and regions. 
Predominantly, these models use Mcllwain's magnetic B, L coordinate system for their 
spatial aspect and so their coverage is often quoted in terms of L-shell, with Earth Radii (RE) 
as units. The majority of models cover specific regions and energies and are based on data 
from particular spacecraft. As such, not all are relevant to this research. Below are detailed 
four models useful for comparison to data from the MEO environment. 
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2.3.1.1. AE-8/AP-8 models 
The most widely used trapped radiation models for engineering purposes are the AP-8 and 
AE-8 models for protons and electrons respectively [VETT-91a, SAWY-76]. These are the 
latest editions of models produced by NASA starting with AP-1 and AE-1 in 1966 [VETT- 
91b]. The models consist of maps of omni-directional integral fluxes in the energy range of 
0.1 to 400MeV for protons and 0.04 to 7MeV for electrons. The maps use the B, L coordinate 
system, convenient for trapped radiation studies. The models are further broken down into 
MAX and MIN versions for solar maximum and solar minimum respectively. Aside from 
these solar cycle versions, the models are static and used as long-term averages. 
The models are based on data sets obtained in the 1960's and early 70's from over 20 
satellites. Earlier versions of the AP and AE models covered smaller regions in BL space 
and energy. These earlier models were based on a power law or exponential fit to their data. 
This lead to discontinuity between datasets and therefore regions within the models where 
interfaces between different datasets lead to large errors. The AP-8 and AE-8 editions cover 
a large spatial and energetic range and therefore use a more complex six coefficient model to 
fit to the data, consisting of the sum of two exponential like terms as shown in Eq. l 
j(E) = AleA2EA3 +B1eB2r- - Equ. 2-8 
Where j is the differential flux, E is the energy and AX and Bx are the coefficients. 
As stated above, these models are static and only incorporate two discrete solar cycle 
variations with no further time effects considered. During the development of AE-5, the 
three main time effects for inner zone electrons were explored: 
Magnetic storms strongly affect higher energy electrons (>0.7MeV) at higher L shells; 
A high altitude nuclear weapons test in July 1962, "Starfish", enhanced the electron 
population on lower L shells- persisting for up to five years after the detonation; 
The solar cycle effect dominates for lower energy electrons (<0.7MeV). 
These investigations led to the development of the solar cycle MAX and MIN versions and 
later versions of the AE models subtracted the residue from the "Starfish" test. However, 
none of the models to date consider magnetic storm variations, averaging over storm and 
quiet time. The models must therefore be considered long-term averages to smooth out the 
variability exhibited by the environment. 
These models remain the current standard for engineering purposes, primarily as they cover 
the full range of the radiation belts, across a large range of energies. However, much of this 
range has been covered using extrapolation of historical data sets, and as such, these models 
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are far from perfect. A common rule of thumb used with the AE-8 and AP-8 is to use a factor 
of two margin of error when considering results. Generally, the models would be expected to 
be fairly accurate for lower L-shells, as the majority of the source data were collected from 
LEO spacecraft, which lead to improved statistics for this region. In addition, the inner 
radiation belt is fairly consistent in terms of time, with little variation aside from the solar 
cycle. As stated, the outer electron belt is far more variable and is strongly dependent on 
solar activity. Therefore, predictions for this region would be expected to be less accurate. 
The AE-8 and AP-8 models were built using the 1962 Jensen-Cain model for the Earth's 
magnetic field. This model has been superseded by the use of the IGRF model, along with 
external field models such as the Olsen-Pfitzer or Tsyganenko models. Figure 2-4and Figure 
2-5 show example AE-8 MAX and AP-8 MAX integral flux maps, demonstrating the extent 
of the electron and proton belts. 
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2.3.1.2. CRRESELE/CRRESPRO 
Launched in 1991, the Air Force Research Laboratory (AFRL) Combined Release and 
Radiation Effects Satellite (CRRES) carried an array of radiation sensing instrumentation. 
CRRES was put into a Geostationary Transfer Orbit (GTO) inclined at 7°, and was thus able 
to sample a large region of the radiation belts during its two-year mission. The radiation data 
from CRRES were used to create a set of environment models, CRRESELE and 
CRRESPRO for electrons and protons respectively [BRAU-95, MEFF-941. The CRRES 
mission took place during solar maximum and so the models are only for solar maximum 
conditions. 
2.3.1.3. POLE 
The Particle ONERA-LANL Environment (POLE) Model is a trapped electron model based 
on data from a series of Los Alamos National Laboratory satellites [SICA-06a]. These 
satellites operated without gaps between 1976-2001, all in geostationary orbit. Between 
them, three radiation detector families were flown: CPA (Charged Particle Analyzer), SOPA 
(Synchronous Orbit Particle Analyzer) and ESP (Energetic Spectra for Particles). These 
instruments were used to generate a model specifically of the GEO environment from 30keV 
to 5.2MeV. Since GEO is at an L-shell of 6.6, this model can be used to compare to other 
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orbits, a long as they pass through this L-shell. However, this will occur at different 
magnetic latitudes to GEO and hence at different B coordinates, therefore care must be taken 
when making this comparison. 
2.3.1.4. FLUMIC 
FLUMIC (FLUx Model for Internal Charging) is a model developed by QinetiQ used to 
determine worst case Electron Fluxes, specifically aimed at internal charging issues 
[RODG-98]. As IC causes problems in the short term, as opposed to Total dose effects, time 
dependences are included in the code to more accurately predict the environment. The model 
incorporates solar cycle variations as well as seasonal variations. 
FLUMIC outputs integral electron fluxes for L-shells from 3 to 8 RE for energies >200keV. 
Data from GOES-7 and the LANL ESP instrument in GEO and the REM on STRV-Ib were 
used in the creation of the model, which consists of fits to the most intense electron 
enhancements over a solar cycle from 1987 to 1998. The time dependence incorporated into 
the model is based on the variability observed in the >2MeV electron flux measurements 
from GOES-7. 
2.3.2. Cosmic Ray Models 
There are a number of complex models used to simulate the detailed transport of cosmic rays 
of differing energies and elemental species through magnetic fields. However, for general 
engineering purposes many of these models are too complex. The industry standard model 
for cosmic rays is CREME, and this is the only model considered in this research. 
2.3.2.1. CREME86/96 
The Cosmic Ray Effects on MicroElectronics (CREME) model [ADAM-86] was developed 
by the US Naval Research Laboratory to evaluate the SEU rates expected from space 
missions. The particles causing SEEs originate from a vast array of sources, from the solar 
system out to as yet unknown extra-galactic objects. The combination of all of these sources 
gives rise to a complex energy spectrum that extends over 15 orders of magnitude up to 10- 
21eV. CREME can take into account ions from Hydrogen up to Uranium with the respective 
rates based on measurements of the atomic species making up the Galactic cosmic ray 
background as well as solar cosmic rays. Higher mass ions generally have greater LETs due 
to the strong dependency on the ion's charge, however they are also far less common than 
lighter ions. 
CREME allows the (Linear Energy Transfer) LET spectrum of a spacecraft mission to be 
calculated behind a given shielding thickness. GCRs cannot be effectively shielded against 
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due to their high energy and so the shielding only effects the lower energy portion of the 
spectrum, primarily consisting of protons. In addition, CREME takes into account 
geomagnetic shielding, based on the orbit of the spacecraft under investigation for either a 
quiet or a stormy magnetosphere. This LET spectrum can then be used to estimate the likely 
SEU rate for a spacecraft over a given period of time. The models contain a variety of 
alternative environmental "sub models", each with their own compositions and spectra, 
reflecting different interplanetary weather conditions, as listed in Table 2-1. These range 
from background GCRs up to worst case flare fluxes with worst case compositions, more 
severe than the August 1972 flare, regarded as the most severe event of the space age. Figure 
2-6 shows an example CREME-86 LET spectrum. 
Designation Conditions 
M=1 Galactic cosmic rays only 
M=2 Galactic cosmic rays and fully-ionised anomalous component 
M=3 90% worst case cosmic ray level 
M=4 Galactic cosmic rays and singly-ionised anomalous component 
M=5 Peak ordinary flare flux and mean composition 
M=6 Peak ordinary flare flux and worst-case composition 
M=7 Peak 10% worst-case flare flux and mean composition 
M=8 Peak 10% worst-case flare flux and worst-case composition 
M=9 Peak August 4", 1972 flare flux and mean composition 
M=10 Peak August 0,1972 flare flux and worst-case composition 
M= 11 Peak composite worst-case flare flux and mean composition 
M= 12 Peak composite worst-case flare flux and worst-case composition 
Table 2-1 -Table Of CREME-86 Interplanetary Weather Conditions 
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Figure 2-6 - Example CREME-86 LET Spectrum, Note The Jaggedness Of The Differential 
Flux Due To Different Ion Species And The Large Logarithmic Ordinate Scale ESPEN-06a] 
2.3.3. Solar Proton Models 
Solar Proton Events contribute to the radiation environment in Earth orbit. The threat they 
pose varies from mission to mission, dependent on geomagnetic shielding and duration. Due 
to their sporadic and unpredictable nature, solar proton events tend to be modeled as average 
particle fluences over a number of years. The solar proton models used are all implemented 
in SPENVIS and only give results for years of solar minimum. 
2.3.3.1. JPL-91 
The JPL-91 model is based on a data set consisting of a record of daily average fluxes above 
energy thresholds of 1,4,10,30 and 60 MeV [FEYN-93]. The proton events considered in 
the JPL-91 model are defined as the fluence occurring over a series of days whilst the proton 
flux exceeded a certain threshold. It was assumed that no significant proton fluence exists 
during quiet periods and that only a model for active periods is required. The model is based 
only on data collected during the 7 active years of solar maximum of the 11 years of the 
solar cycle. These 7 active years were shown to commence 2.5 years before the peak at solar 
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maximum and end 4.5 years after this date. The JPL model then is based on the four solar 
cycles peaking in 1957,1968,1979 and 1989. JPL-91 is presented as a set of probability 
curves of exceeding a given fluence during a mission of a given duration. These are 
determined through the use of a Poisson probability distribution to define the probability of 
exceeding a specific fluence above a threshold energy in a given period of time. 
2.3.3.2. Emission of Solar Protons (ESP) 
The ESP model is the most recent model implemented in SPENVIS, developed in 1999 
[XAPS-99]. It has a greater energy range than the JPL-91 and King models and also 
incorporates high quality data from solar cycles 20-22. The model produces results for an 
average total fluence case and a worst-case fluence. 
2.3.3.3. King 
The King model, developed in 1974 is based on data only from the active period of solar 
cycle 20, from 1966 to 1972 from the IMP-4, -5 and -6 satellites. The model is therefore 
quite a narrow sample of the data available today [STAS-75]. This solar cycle was somewhat 
less severe than the preceding cycle. The King model was for a time the standard model used 
to predict long-term mission fluences before being superceded by JPL-85 and later JPL-91. 
The model takes a database approach containing 25 events, 24 "ordinary" and one 
"anomalously large". The later is the massive 1972 solar proton event which constituted 
-70% of solar protons for the entire solar cycle. The statistical approach used is based on the 
concept of compound probability, which was adapted for use in the later JPL models. The 
earlier King model made use of an extension to the Poisson distribution due to a relatively 
small dataset. The SPENVIS implantation allows the use of these statistics to determine the 
fluence encountered. Alternatively, users can input the number of normal and anomalously 
large events encountered directly. 
2.4. Radiation Effects 
With the potential large fluxes of high-energy particles in space environments, radiation 
effects on electronics and materials are an important area of study. High-energy protons and 
heavy ions can deposit sufficient energy in a component to cause immediate upsets, known 
as Single Event Effects. Over time, exposure to energetic particles can degrade device 
performance, ultimately leading to failure. Deposition of charge in passive components and 
materials can lead to catastrophic discharge if they are not correctly grounded. It is important 
to have a good understanding of the radiation environment a spacecraft will be exposed to so 
that the spacecraft can be designed to mitigate these dangers. 
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2.4.1. Single Event Effects (SEEs) 
SEEs are so named as they are due to a single particle interacting with the sensitive volume 
in an electronic device. Highly energetic ions, such as cosmic rays and high-energy trapped 
protons can easily penetrate through the structure of a spacecraft and pass through internal 
electronics. SEEs are dependent on the level of ionisation that occurs in the device and is not 
necessarily dependent on energy. The Linear Energy Transfer (LET) is the crucial parameter 
when considering a particle's ability to generate an SEE. This is a measure of the rate of 
energy deposition per unit path length in the material. LET is defined by the Bethe-Bloch 
formula in Eq. 2-1. 
If a heavy ion travels through a semiconductor device, it leaves behind a track of ionised 
material consisting of equal numbers of electrons and holes. The extent of this ionisation is a 
product of the LET and the path length through the sensitive volume [HOLM-02]. SEEs 
were first postulated in the early sixties [WALL-62], but were not observed until the mid 
seventies [BIND-75]. 
High-energy protons generally an insufficient LET to cause an SEE directly in current 
devices, however those with sufficient energy may cause a nuclear reaction. The heavier 
products of this reaction may deposit sufficient energy to trigger a SEE. There are a number 
of different SEEs, where the effect of the radiation on devices manifests in different ways: 
" Single Event Upset (SEU) 
By far the most common form of SEE, SEUs are only temporary effects. SEUs occur 
when a bit is flipped in the memory of a device by the passage of an ionising particle. 
The device is not damaged by these events and they will operate normally after the 
event. Rewriting the memory bit will correct the problem [HOLM-02]. Simple 
Hamming coding allows for the error detection and correction (EDAC) of data. 
" Single Event Transient (SET) 
SETs are another form of non-damaging effects. These occur in logic circuits where a 
change in logical state may occur. Alternatively, sequential logic may be affected by a 
voltage transient leading to clock errors, etc [HOLM-02]. SETs can be triggered by 
high-energy protons directly. 
" Single Event Latch-up (SEL) 
SELs occur when a current spike produced by a cosmic ray, activates one of a pair of 
parasitic transistors present in CMOS devices, which combine into a circuit with large 
positive feedback. This essentially forms a short circuit across the device. SELs can be 
cleared by a power off-on reset of the device. If power is not removed quickly, failure of 
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the device may occur due to excessive heating due to current consumption above the 
maximum for the device [KOLA-79]. 
" Single Event Hard Error (SHE) 
SHEs are essentially hard versions of SEUs, i. e. the device becomes stuck in a logic state 
and cannot be overwritten as with an SEU. The failure in this case is one of TID damage, 
but due to a single particle strike in a single circuit feature [HOLM-02]. 
" Single Event Burnout (SEB) 
SEBs are a condition that can cause device destruction due to a high current state in a 
power transistor and causes the device to fail permanently [WASK-86]. 
2.4.2. Total Ionising Dose 
Energetic electrons and ions have the ability to damage materials due to their ability to ionise 
those materials. Energetic particles can break or rearrange atomic bonds, causing a gradual 
degradation of the qualities of the materials exposed to it. In general, after exposure to 
sufficient quantities of ionising radiation insulating materials will become less insulating or 
become more electrically "leaky". Likewise, other components' vital functions can be 
compromised by exposure to significant total doses. This can have the effect of making those 
devices more prone to SEEs as their accumulated total dose increases. The resistance of 
different components to TID effects is a major area of study, as the spacecraft will have to be 
designed to accommodate the limited lifetimes of its components, as well as introducing 
safety margins. However, eventually the electronics will fail due to TID effects. 
TID can be quantified into SI units of Grays (Gy), equivalent to J/kg, that is energy 
deposited into a material per unit mass. The unit most commonly used for radiation effects 
on electronics is the rad (100 rads =I Gy) and prefix multipliers thereof (ie: krad, Mrad, etc. ) 
due to the convenience of scale. 
A different system is used for biological doses due to the different impact different forms of 
radiation have. A "quality factor", Q, is applied to doses dependent on their source particles, 
with gamma rays and electrons having Q=1 and the more damaging protons and alpha 
particles having Q-10 and Q=20 respectively, dependent on energy. This system uses 
Sieverts, equivalent to Grays for Q=1 and rems, equivalent to rads for a quality factor of unit. 
One of the most commonly used structures in modem microelectronic devices is the Metal- 
Oxide Semiconductor (MOS) transistor. Unfortunately MOS technology is generally 
particularly vulnerable to radiation. This makes cheaper, more common electronics less well 
suited to use in space compared to rad-hard, more expensive components. As way of 
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comparison, an average COTS MOS device can absorb 5-10krad of total ionising dose as 
opposed to -I Mrad for rad-hard Silicon on Sapphire (SOS) technology. 
The received ionising dose has a range of sources. In Earth orbit it is primarily from the 
trapped radiation belts and from solar flares. Total dose can be limited by shielding the 
components and by selecting an orbit where the satellite is only in the radiation belts for a 
limited period of time, if at all. 
In the same way that logic circuits can be degraded, the solar cells of the spacecraft can be 
damaged, reducing their power output. This means that the cells must be designed with a 
margin to allow for the continued operation of the spacecraft at mission end, after TID 
damage. The damage caused by TID effects is of great significance for any space mission 
and a good knowledge of the environment is required to design safety margins into the 
spacecraft to ensure continued operation over the mission lifetime [UNDE-04]. 
2.4.2.1. Dose Enhancement 
At the interface of materials or between a material and vacuum, the dose deposited in a 
material can vary from what would be expected due to secondary particle dose enhancement. 
The mechanism of dose enhancement can vary depending on the primary radiation source. 
For electrons and protons, the dose is primarily due to Bremsstrahlung and scattered 
electrons. Bremsstrahlung, or breaking radiation, is the EM radiation emitted by a charged 
particle as it is deflected by another charged particle, such as an atomic nucleus. Protons and 
heavy ions can also produce spallation events, where nuclei are knocked out of the shielding 
material. 
These mechanisms enhance the dose behind the shield as particles are scattered forwards and 
x-rays are generated as the particles interact with the material. In addition, particles can be 
back scattered from the atoms making up the shield, increasing the dose in front of the 
shield. An example of dose rates is shown in Figure 2-7. The magnitude of this enhancement 
varies depending on the materials in question, with higher Z materials more likely to produce 
bremsstrahlung [HOLM-02]. Studies have shown that the inclusion of high Z materials in 
the packaging of components, such as Kovar or Gold can enhance the dose received in the 
sensitive regions of the component by 50% to 85% over that from purely low Z packaging, 
such as Aluminium [SOLI-00]. 
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Figure 2-7 - Diagram Demonstrating Dose Enhancement Either Side Of A Copper Shield Due 
To Secondary Particles 
2.4.2.2. Enhanced Low Dose Rate Sensitivity (ELDRS) 
A relatively recently discovered phenomena, ELDRS, is of great significance for the use of 
bipolar technology in the space environment. It has been noted that under low dose rates, the 
effect of total dose on bipolar devices is much greater than the same total dose deposited 
more rapidly at greater dose rates [ENLO-91, MCCL-94]. The mechanism by which this 
occurs is still poorly understood, however the effect has been investigated using beam 
testing. This is significant as hardness testing of devices is typically performed at high dose 
rates, much greater than that typically encountered in space. This could then result in the 
over estimation of the hardness of components in a lower dose rate environment, leading 
potentially to early failure. Despite this effect, low dose rate testing is difficult to perform 
due to the duration that devices must be exposed to sources at these lower dose rates to reach 
a desired total dose. A typical hardness assurance test may involve testing a device at 360 rad 
hr' up to a total dose of 100krad, this taking -12 days. To test this device at a lower dose 
rate where ELDRS effects become apparent, 36 rad hip may be used which would take -120 
days of continual exposure, effectively increasing testing costs by an order of magnitude. 
2.4.3. Charging Effects 
Electrostatic discharge is caused by a device building up an electric charge different to that 
around it, which then arcs, potentially causing damage to the device itself and those around 
it. In space applications we are concerned with charging caused by plasma interactions and 
photoelectric currents (Surface Charging) and higher energy radiation (Internal Charging). 
While in eclipse, the spacecraft may negatively charge to tens of kilovolts. A potential 
sufficient for discharge is easily created when the satellite emerges into sunlight, which 
results in positive surface charge due to photoelectron emission. This is most common 
during and after a geomagnetic storm, with the injection of keV range electrons. Internal 
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charging can be a more serious problem as the ESD occurs near the sensitive electronics of 
the spacecraft. If a sufficient potential is reached, arcing may result in upset or burnout of 
nearby semiconductor devices [GARR-80]. 
2.5. Previous Missions Sampling The MEO 
Environment 
Despite GIOVE-A being the first satellite in the Galileo orbit, a number of previous 
spacecraft have either been in similar orbits or have had orbits which passed through the 
same region of space as the GIOVE-A orbit. These are addressed in this section. 
2.5.1. Combined Release And Radiation Effects Satellite 
(CRRES) 
The CRRES spacecraft was launched in July 1990 with three primary mission objectives 
[SPEN-06a]: 
" To study the effects of the natural radiation environment on microelectronic 
components and on high-efficiency gallium arsenide solar cells and to map this 
environment; 
" To conduct low-altitude satellite studies of ionospheric irregularities (LASSII); and 
" To conduct a series of chemical release experiments in the ionosphere and 
magnetosphere. 
The primary focus of these studies was on the radiation environment and the effects of this 
environment on microelectronic components. CRRES travelled through the inner and outer 
radiation belts of the Earth, exposing microelectronic components to this environment to 
establish their capabilities for use in future space missions. Also, the radiation belts were 
mapped so that a direct correlation could be made between the exposure and 
microelectronics performance. 
The CRRES satellite orbited for 2 years at solar maximum in a GTO, sampling the radiation 
environment between LEO and GEO. CRRES carried more than 40 instruments, among 
them High Energy Electron Fluxmeter (REEF) and the Proton Telescope (PROTEL) allowed 
direct comparison to the AE-8/AP-8 environment models. Data from CRRES highlights the 
shortcomings of AE-8/AP-8 when comparing the predictions from each [GUSS-91]. It was 
found that the electron environment was much less severe than predicted by AE-8, whereas 
AP-8 was a good match to the environment encountered. A large SPE was encountered in 
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March 1991, which enhanced both the proton and electron environments. This led to AE-8 
being a better match to the data, with AP-8 becoming less accurate. As a consequence of 
this, it is clear that both AP-8 and AE-8 can generate large errors, depending on orbit and the 
dynamism of the radiation belts. 
2.5.2. Space Technology And Research Vehicle (STRI/) 
There were two pairs of STRV microsatellites, STRV-a & -b and STRV-c & -d, each with a 
mass of less than 100kg. The first pair were launched into a GTO in June 1994 and operated 
for 4 years until 1998. The second pair were launched in 2000, but failed shortly after launch 
[EOPO-07]. 
STRV-a &-b carried 15 instruments to study the radiation environment between LEO and 
GEO. As a result, the STRV satellites captured data regarding proton and electron fluxes, as 
well as Total Dose measurements. The mission took place during the previous solar 
minimum, and so represents a good source of data similar to that expected from GIOVE-A 
[DALY-99]. A database of STRV-b data is kept on SPENVIS, consisting of dose rates 
behind 3mm and 7.6mm Al and differential electron fluxes between 1-2.2MeV and 2.2 - 
4.6MeV [SPEN-07]. 
2.5.3. GPS 
The US GPS constellation is in MEO with an altitude of 20,200 km in 6 different orbital 
planes. The satellites that make up this constellation have been operating since the mid 1970s 
to the present day. Many of these satellites carry radiation monitoring payloads, Burst 
Detector Dosimeters (BDDs) [DRAK-93]. These probably constitute the most in-depth study 
of the MEO radiation environment to date. Several publications have been generated from 
the GPS data [VARO-08] and a study of the data currently underway at ONERA [SICA- 
06b]. A model derived from these data from 1990 to 2004 has been generated, as shown in 
Figure 2-8. Data from GPS spacecraft then suggests the long term environment is a fair 
match to the AE-8 Model predictions at energies between 0.28MeV and 1.12MeV with a 
range for best and worst cases. These are based on both uncertainties in the measurements 
and the variation in flux level between solar cycles. 
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Figure 2-8 - Comparison Between Electron Fluxes Deduced From ONERA MEO Model And 
AE-8 Predictions [SICH-06b] 
2.5.4. GLONASS 
Russia operates its own GPS system, GLONASS [KAZA-94]. GLONASS satellites are 
placed in three orbital planes at 19,100 km altitude orbits in MEO. The radiation 
environment is monitored for this constellation and data are held by Moscow State 
University. Very little data is available on the GLONASS satellites outside of the primary 
functioning of the system. Study of the GLONASS data, along with that from GPS data is 
currently being carried out at ONERA. [SICA-06b] 
2.5.5. XMM 
Launched in 1999, XMM is a European built X-ray observatory. It is in a highly elliptical 
orbit (7,420 x 113,680 km) at 39° Inclination, taking it through the Galileo region of space. 
XMM carries the EPIC Radiation Monitor System (ERMS), designed to allow the spacecraft 
to protect its sensitive instruments in the event of a dangerous radiation environment 
[BOER-951. XMM continues to operate and so provides an available overlapping data set to 
GLOVE-A. 
2.5.6. INTEGRAL 
INTEGRAL is a European built Gamma ray observatory in a highly elliptical orbit (9,200 
km x 153,400 km) at 52° and was launched in 2002. Like XMM, INTEGRAL also carries a 
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radiation monitor, IREM (INTEGRAL Radiation Environment Monitor), based on the ESA 
SREM [MOHA-03]. INTEGRAL continues to operate and so provides an available 
overlapping data set to GIOVE-A. The IREM instrument is used as a comparison source for 
the electron environment in this research. Properties of the electron sensitive channels are 
shown in Table 2-2. 
Channel Threshold Energy/MeV Simple Conversion Factor (counts/cm) STDEV(SCF)/SCF 
TC-1 >2.0 117.96 0.37 
TC-2 >2.8 191.46 0.877 
TC-3 >0.8 100.72 0.116 
Table 2-2 -Properties Of IREM Electron Sensitive Channels 
2.6. GIOVE-A and Radiation Monitors 
This project is based on studying the data from the CEDEX and Merlin radiation payloads on 
the GIOVE-A satellite. 
2.6.1. GIOVE-A 
Ahead of the Galileo constellation, two test bed satellites were ordered, GIOVE-A and -B. 
GIOVE-A built by Surrey Satellite Technology Ltd. (SSTL), and GLOVE-B built with 
Astrium as prime contractor. The test bed satellites had four main mission objectives: 
" Secure frequency filing 
The frequency to be used by the Galileo system could only be formally filed with the 
ITU after it met certain criteria, which had to be met by June 2006. 
" Provide a signal in space for experimentation 
The first Galileo navigation signal from GIOVE-A was received 12th January 2006 and 
has been transmitting regularly since. This gives access on the ground to a Galileo signal 
for experimentation and development purposes. 
" Test key payload technologies 
Both test bed spacecraft carry advanced atomic clocks, along with electronics to generate 
the navigation signal. It is important that these technologies are proven in space prior to 
the launch of the final constellation. 
9 Characterise the MEO radiation environment 
The radiation environment in MEO has not been extensively characterised in the past 
and little data is available in the public domain. To that end, GIOVE-A is equipped with 
two radiation monitors, CEDEX, built by the University of Surrey and Merlin, built by 
QinetiQ, to measure this environment. The two instruments provide complimentary data 
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and also deliver a degree of redundancy. GLOVE-B is equipped with the Standard 
Radiation Environment Monitor (SREM) built by the Paul Scherrer Institute (PSI) in 
Switzerland. 
The 660kg GIOVE-A spacecraft was launched into a 23,250km circular orbit inclined at 56° 
atop a Soyuz-Fregat launch vehicle from the Baikonur cosmodrome in Kazakhstan on 28`x' 
December 2005. An example ground track of the GLOVE-A orbit is shown in Figure 2-9 and 
parameters for the stabilised orbit on 20`x' June 2006 are shown in Table 2-3. GIOVE-B 
followed later after several delays, attaining a similar orbit, shifted in RAAN, on 26th April 
2008. 
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Figure 2-9 - Sample GIOVE-A Orbit Ground Track 
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NORAD Satellite Number 28922 
Date And Time 20/06/2006 - 05: 59: 16 
Epoch 171.24948724 days 
Inclination 56.0495° 
RAAN 186.1047° 
Semi-major Axis 29634.118 km 
Eccentricity 0.0009679 
Argument Of Perigee 317.1588° 
Mean Anomaly 42.8103° 
Mean Motion 1.70182349 revs day' 
True Anomaly 42.8487° 
Table 2-3 -Table Of GIOVE-A Orbit Parameters For 20`f' June 2006 
The radiation monitors carried on board GIOVE-A and their locations are shown in Figure 2- 
10 and Figure 2-11 on the -X panel of the spacecraft. A degree of shielding is applied by the 
protruding -Z panel and its support structure. As shown in Figure 2-12, the solar panels are 
deployed on orbit and so do not provide any additional shielding in the Y-axis. 
; CEDEX 
Merlin 
Figure 2-10- A CAD Model Of The GIOVE-A Spacecraft Showing The locations Of CEDEX 
And Merlin Radiation Monitors 
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Figure 2-11- The GIOVE-A Satellite Undergoing Tests At The Surrey Space Centre, University 
Of Surrey, 2005 
Figure 2-12- The GIOVE-A Satellite Undergoing Tests At ESTEC, Netherlands, Prior To 
Shipping To Launch Site With Solar Cells Deployed. 
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2.6.2. CEDEX 
A cut-through CAD model of the CEDEX unit is shown in Figure 2-13. 
Figure 2-13- The University Of Surrey's CEDEX Instrument Showing The Heavy Ion Telescope 
With The Dose Rate Photodiodes Located Around It [UNDE-06] 
The University of Surrey's Cosmic-ray Energy Deposition EXperiment (CEDEX) carried on 
board GLOVE-A has a mass of 2.05kg with a power consumption of 4.2W. The instrument 
consists of two detector suites. Firstly, CEDEX carries a pair of large area PIN diodes in a 
telescope arrangement. The instrument detects incident protons and heavy ions and performs 
pulse height analysis on these events to bin them according to their LET. These diodes are 
shielded against electrons and low energy protons by a 3mm copper dome equivalent to Icm 
of aluminium. This part of CEDEX has flight heritage as Surrey's CRE payloads on 
KITSAT-I (launched 1992), PoSat-1 (launched 1993), Tiungsat-1 (Launched 2000), in Low 
Earth Orbit (LEO), as well as AMSAT-OSCAR-40 (launched 2000) in a Highly Elliptical 
Orbit (HEO) [SURR-05]. In addition to the cosmic ray detector, CEDEX also houses four 
small PIN photodiodes configured to measure the ionising dose rate behind different 
shielding depths of 2mm aluminium, 4mm aluminium, 2mm copper, and 4mm copper. These 
detectors were motivated by results from a prior instrument, the OMAD UV Radiometer 
flown on FASAT-Bravo. When the output of the most sensitive channel was mapped out 
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under dark conditions (i. e. during eclipse), the SAA was clearly shown with signal levels a 
few mV above the noise floor, as shown in Figure 2-14. 
Normalized to 80 mV 
Figure 2-14-OMAD Output Under Dark Conditions At 1010 V/A 
2.6.3. Merlin 
A cut through CAD diagram of Merlin is shown in Figure 2-15. 
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Figure 2-15- The QinetiQ Merlin Instrument Flown On GIOVE-A [UNDE-061 
Merlin is a space weather hazard monitor, which provides a comprehensive space 
environment monitoring capability on GLOVE-A in conjunction with CEDEX. It has a mass 
of -2kg with a power consumption of <3.5W. Like CEDEX, Merlin can measure the high- 
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energy proton flux (>40MeV) and LET spectrum (95-12,500MeV cm2 g"'). It also contains 
two RADFETs to measure the total accumulated dose encountered behind two shielding 
depths. These RADFETs are conventional MOSFETs with a thickened Gate Oxide, 
increasing the sensitivity of the devices to ionising radiation dose. Finally, Merlin carries an 
internal charging monitor called SURF. This measures the current generated directly from 
the flow of electrons on to aluminium plates [QINE-05]. These are layered one on top of the 
other giving three different shielding depths of 0.5mm Al, 1mm Al and 1.5mm Al. Any 
electron stopping in these plates is collected and the charging current detected is therefore a 
direct measurement of the charge deposited per second. 
Merlin is based on two unique but highly successful instruments, SURF and CREDO, which 
have flown before on orbits passing through the MEO regime [UHDE-06]. These two 
instruments have been repackaged into a single unit with combined data handling and power 
conditioning. 
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CHAPTER 3- CALIBRATION OF GIOVE-A RADIATION 
MONITOR DATA 
This chapter addresses the method of calibration for the CEDEX and Merlin payloads. Much 
of the calibration was carried out before flight, prior to this research and so only the CEDEX 
dose rate diodes are discussed in detail. 
3.1. CEDEX Dose Rate Diodes 
The CEDEX instrument is equipped with four photo diodes used to measure dose rate. These 
photodiodes are sensitive to ionising radiation, which in the normal usage of the diodes 
would produce background noise to the device photo current. By shielding the devices from 
any light, the current generated by the device will be a combination of thermal and ionising 
dose effects. By extracting the thermal effects, the remaining current is therefore due solely 
to ionising dose effects. The devices used on CEDEX are being used in an experimental 
fashion and therefore required careful calibration. The diodes are connected to amplifiers 
with current-to-voltage gains of 1010 VA"'. The output current is digitised to 10-bits by the 
in-built ADC in the CEDEX micro-controller. The minimum voltage step is 4.096V/1024 = 
4 mV - i. e. equivalent to a current step of 0.4 pA. 
3.1.1. REEF Testing 
In order to characterise the response of the dose rate diodes on the Giove-A CEDEX 
radiation monitor, the EM CEDEX instrument was tested using an energetic electron 
environment. This was provided by the Realistic Electron Environment Facility (REEF) at 
QinetiQ, Farnborough, UK [QINE-03]. This facility utilises a Strontium-90 source to 
simulate the electron radiation environment in space with an electron energy range between 
0.1-2.2 MeV. The tests were designed to determine the uniformity of the detector's 
responses to radiation, to determine the response of the detector chain to temperature 
(including diodes, amplifiers, etc. ), and to characterise the response of the diodes underneath 
four different metal domes (with shielding depths of 2mm Al, 4mm Al, 2mm Cu, 4mm Cu) 
to calibrate the dose depth curve for the FM CEDEX instrument. The diodes are commercial 
UV-enhanced photodiodes: CENTRONIC OSD5.8-7Q (RS Component No. 564-021). The 
diode's quartz windows are left in place and this provides some shielding of the silicon PIN 
diode in addition to the metal domes. The CEDEX particle telescope dome was removed to 
allow the CEDEX unit to fit inside the REEF. A thick Al sheet was placed over the resulting 
hole and held in place with Cu tape in the unit to prevent electrons entering the unit. The 
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experimental setup is shown in Figure 3-1 with a photograph of the CEDEX unit in place 
inside REEF shown in Figure 3-2. 
Ultimately, four tests were carried out. The first two were to determine the conformity of the 
diodes and the temperature response of the diodes. The second two were to determine the 
dose under each of the shielding domes. In addition, the dose rate was measured under the 
2mm Aluminium plate, 2mm Aluminium dome and 4mm Aluminium dome using Thermo- 
Luminescent Dosimeters (TLDs). 
REEF 
arg 
it 
Thermal 
control 
plate 
Figure 3-1 - CEDEX EM REEF Testing Experimental Setup 
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Figure 3-2-CEDEX EM With 2mm Al Plate Positioned In REEF 
3.1.1.1. Uniformity Tests 
The first tests involved a uniform 2mm Aluminium plate covering all 4 diodes, without the 
domes in place. This was to determine the temperature response of the diodes as well as the 
conformity of the response of all four diodes. 
This could have been done with a single test. However, problems arose when attempting to 
stabilise the temperature of CEDEX. It appeared that the thermal interface between CEDEX 
and the plate used to control temperature was not a good one, and the heat transfer rate was 
poor to non-existent, therefore it was not possible to stabilise the temperature on the time- 
scale required to do the test. CEDEX was removed from REEF and this interface improved 
by the addition of thermal matting to the surface. Unfortunately this did not solve the 
problem, so instead, the measurements were taken as the CEDEX heated up due to internal 
power dissipation. 
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A temperature probe was fixed to the top of the instrument box, however readings from this 
should be treated with care due to the temperature lag that will be present compared to the 
temperature of the diodes inside the box. The top of the CEDEX box was positioned 175 
mm vertically from the source. 
3.1.1.1.1. CEDEX Temperature Profile 
The temperature profile, Figure 3-3, shows that the temperature rise of CEDEX becomes 
close to linear some time after the initial switch on. This shows that there was little heat 
transfer to or from REEF, and therefore the temperature would not stabilise for several 
hours. 
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3.1.1.1.2. Temperature Response Of Diodes Under Uniformity Test 
And Conformity Of Response To Radiation 
The internal CEDEX temperature sensor was used as the primary temperature reference due 
to the lag that is present on the external sensor. The electron source was turned on and off 
periodically to determine the response to radiation as the instrument heated up. The readings 
for each channel are shown below in Figure 3-4 to Figure 3-7. Error bars are at 
approximately the 95% confidence limit (i. e. 2-a). 
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It can be seen all readings are consistent with a linear fit. It should be noted that the readings 
cannot be negative, hence the premature termination of readings in Channel 1. Diode I 
shows the least deviation from a linear response. This is to be expected as the temperature 
sensor is positioned close to Diode 1, and progressively further away from 2,4 and 3 as 
shown in Figure 3-8. This is seen in the deviations above due to temperature lag from the 
primary heat sources. 
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Figure 3-8- Schematic of CEDEX Showing Location Of Diodes and Temperature Sensor 
Taking the average of the gradients of the "source on" and "source off' data enables the 
approximate response of each detector chain to temperature to be determined and these are 
shown in Table 3-1. Unfortunately, these responses were found to be individual to each 
chain (as indeed they were found to be for the FM). This means that the FM responses must 
be characterised independently - however, the linear fit simplifies this process. 
Channel Temperature response gradient 
1 -0.798 
2 -0.142 
3 -1.369 
4 -1.266 
Table 3-1 - Gradient Of Linear Temperature Response Of Channels 
By taking the best linear fit to the "source on" and "source off' data (i. e. the average of the 
two measured gradients), the radiation response can be determined as the offset between the 
two lines and these are presented in Table 3-2. The offsets are small, and therefore the errors 
are dominated by the ADC quantisation error +/- 0.5 LSB. 
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Channel Response to Radiation (ADC Counts) 
1 53±0.5 
2 48±0.5 
3 50±0.5 
4 54±0.5 
Mean 51.25 
Table 3-2 -Absolute Response Of Channels To 
REEF Source At 175mm Top Plate 
The diodes are therefore seen to be consistent, with a maximum deviation lying within -7% 
of the mean. The order of these levels is of interest as the position of these diodes is such 
that the above result would be consistent with the source being slightly offset towards Diode 
4. The position is likely accurate to within -a few mm cross axis and along axis due to the 
inherent inaccuracy of positioning the instrument by eye, and also due to the presence of the 
chamber wall. However, this seems insufficient to fully explain the differences. 
3.1.1.2. Dome Tests 
The second two tests were carried out using the domes in two different set-ups, swapping the 
domes around between tests. This was intended to determine the comparative rates that 
could be expected from FM data and as a further check on the uniformity of the response. 
The dome/diode assignments are shown in Table 3-3 and the CEDEX unit with domes in 
place is shown in Figure 3-9. 
Channel Dome-test I Dome-test 2 
1 2mm Cu 4mm Cu 
2 4mm Al 2mm Al 
3 2mm Al 4mm Al 
4 4mm Cu 2mm Cu 
Table 3-3 - Dome Assignments During Dome Tests 
The Cu domes, under which negligible counts were expected, were assigned to Channel 1. 
This allowed the maximum data from the Al domes by avoiding the negative offset that 
occurs in Channel 1 at higher temperatures. 
The principle used to determine the dose is the same as that which was used in the 
uniformity tests. As before, the top of the CEDEX box was positioned 175mm vertically 
from the source. 
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Figure 3-9- CEDEX EM With Domes In Place Positioned In REEF 
The temperature response of each of the diodes is shown in Figure 3-10 to Figure 3-13 for 
the first set of tests 
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From Figure 3-10 it can be seen that, as expected, there is no significant measurable 
response to the radiation behind the 2mm Cu dome. 
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The best linear fit to the data for the 4mm Al dome in Figure 3-11, having extracted the 
temperature response, gives a response to the irradiation of 0.8 ADC counts. Therefore, the 
response of the 4mm Al shielded sensor is only just detectable. Indeed, given the response of 
the 2mm Al shielded sensor, we would expect a response of less than I ADC count, based 
on the QinetiQ dose depth curve. 
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Figure 3-12- Temperature Response Of Channel 3 With 2mm Al Dome. Errors Are 2ß, 95% 
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There is a clear response to the radiation behind the 2mm Al Dome in Figure 3-12. The shift 
in counts due to the radiation is 42 ADC counts - i. e. -85% of that under measured under 
the 2mm Al plate. 
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As expected, there was no measurable response to the radiation behind the 4mm Cu Dome in 
Figure 3-13. 
In the second set of tests, the 2mm and 4mm Aluminium and Copper domes were swapped 
over. The temperature responses of the diodes in these tests are shown in Figure 3-14 to 
Figure 3-17. 
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Again, there was no measurable response to the radiation behind the 4mm Cu dome as 
shown in Figure 3-14. 
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lt should be noted that the temperature variation response of Channel 2 is very small as seen 
in Figure 3-15. Extracting this response, the radiation behind the 2mm Al dome was 
observed to be 43 ADC counts - almost identical to the result in the first test on Channel 3. 
Again, the dose was slightly lower (-89%) than that measured for the 2mm Al plate. 
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From Figure 3-16, there was little clear measurable response to the radiation behind the 
4mm Al dome in this test. A slight effect may be discernable, at around 0.6 ADC counts. 
However this value is close to the ±0.5 LSB error of the system. 
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There was again no measurable response from the radiation behind the 2mm Cu dome in 
Figure 3-17. 
It is clear that the Copper dome-shielded sensors show no measurable difference between the 
source being on and off. The 4mm Aluminium dome-shielded sensor shows less than 1 ADC 
count of response, whilst the 2mm Aluminium shielded sensor shows - 42 ADC counts of 
response (= 42 x4 mV = 168 mV output signal = 16.8 pA dose-rate related photocurrent). 
Table 3-4 shows a comparison of the temperature responses of the diode/amplifier chains in 
each of the tests. It can be seen that the results are consistent within experimental error. 
Channel Temperature response 
gradient- uniformity test 
Temperature response 
gradient- dome test 1 
Temperature response 
gradient- dome test 2 
1 -0.798 -0.759 -0.768 
2 -0.142 -0.111 -0.006 
3 -1.369 -1.247 -1.273 
4 -1.266 -1.085 -1.327 
Table 3-4 - Gradient Of Linear Temperature Response Of Channels In Uniformity Tests 
And 
Dome Tests 
Dome Test 2, Channel 4,2mm Cu Dome 
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The biggest proportional difference is in Channel 2, however the absolute difference is less 
here than in the other channels, due to this chain having a much flatter response. Taking the 
respective temperature responses and normalising to the respective channel responses from 
the uniformity tests, the radiation response of the diodes under each dome were determined 
as shown in Table 3-5. Errors are estimates based on fit of averaged best-fit trend lines to 
data. 
Channel Response to 
radiation - test I 
Error Response to 
radiation - test 2 
Error 
2mm Al 0.84 ±0.02 0.90 ±0.01 
4mm Al 0.02 ±0.01 0.01 ±0.01 
2mm Cu 0 ±0.01 0 ±0.01 
4mm Cu 0 ±0.01 0 ±0.01 
Table 3-5 - Response To Radiation Under Domes, Normalised To Uniformity Test Results 
Taking the average of the two data sets suggests we see less than 1 ADC count behind the 
4mm Al dome. Comparing this to the 42.5 ADC counts seen behind the 2mm Al domes, we 
see that there is at least a 50: 1 ratio between the two Aluminium domes. This is consistent 
with the expected value from the QinetiQ dose-depth curve [RYDE-06]. The sensors 
showed slightly less response under the 2mm Aluminium domes compared with the 2mm 
Aluminium plate. The reason for this is unclear, however, it should be noted that the 
CEDEX instrument was moved in-between these tests. Swapping the domes showed that the 
sensors were consistent in their response (42 and 43 ADC counts respectively for the 2mm 
Al domes). 
3.1.1.3. TLD Dose Measurements 
Three TLDs (personal dosimeters) were acquired and used to test the dose accumulated 
under the Aluminium plate and the 2mm and 4mm Al domes during a1 hour exposure - 
thus the dose-rate could be measured. Figure 3-18 shows a TLD next to the 4mm Al dome 
for comparison. 
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Figure 3-1S- TLD (Left) With Aluminium Dome 
As these dosimeters are designed to monitor radiation exposure of humans, the results 
returned are surface equivalent dose rates quoted in millisieverts per hour (mSv hr-'). 
Unfortunately, the conversion of this dose rate into mGy(Si) hr' (or rad(Si) hr') is not a 
simple one as the response of the dosimeter differs to that of silicon, and it is calibrated for 
effective dose in a biological system (i. e. water). However, we may assume that a direct 
conversion of mSv hr' to mGy(H2O) hr' will underestimate the dose rate, and therefore will 
provide an overestimate of the dose-rate sensitivity of the diodes. Table 3-6 shows the 
results, given such an assumption, with a one hour exposure. 
Figure 3-19 shows the position of the TLD prior to covering it with the 2mm Aluminium 
plate, and Figure 3-20 shows the Aluminium plate in position. 
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Figure 3-20- TLD Test With 2mm Aluminium Plate In Place 
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Figure 3-19- TLD (Yellow Ring/Black Dot) Mounted On Top Of CEDEX 
Shielding Dose (mSv) Assumed Dose Rate 
(rad(Hz0)/hr) 
2mm Al Plate 78.95 7.895 
2mm Al Dome 78.94 7.894 
4mm Al Dome 0.80 0.080 
Table 3-6- TLD Dose Over One Hour in REEF 
The results from the TLDs show that the Al Plate and 2mm dome have effectively the same 
dose rate 
The dose rate of 78.95 mSv hr-t is then equivalent to 51.25 counts from the uniformity test. 
This can then be converted to pA of current deposited. This then produces a measured dose 
rate sensitivity of 0.260 pA per mSv hr-'. Assuming 1 mSv is equivalent to I mGy (H20), 
then this equates to 935 mGy (H20) s"'. As the dose rate in water will be lower than the dose 
rate in silicon, this provides an upper estimate of the dose rate sensitivity of the diodes as 
9.35pA per mrad(Si) s-'. 
3.1.1.3.1. Conversion To Rad 
A more accurate conversion of dose from Sieverts to Grays can be attempted by a 
comparison of the stopping powers of silicon and water. The energy of particles entering the 
diode will be reduced by their passage through the shielding dome. The electron energy of 
interest is therefore down to low energies and up to -5.5MeV, the highest energy with a non- 
zero integral flux in AE-8 models of the environment. Figure 3-21 shows the stopping 
powers of Silicon and Liquid water for electrons compared to one another and the variable 
ratio of the two across energies from 10keV to 5.5MeV. Data were obtained from the 
ESTAR database [BERG-08]. The ratio between the two is fairly constant over such a wide 
range of energies. Taking the median value of this ratio, gives a conversion factor from 
Sieverts to Grays of 1.23 with the upper and lower bounds lying within 10% of this value. 
Applying this conversion factor to dose rate sensitivity upper limit of 9.35pA per mrad(Si) s- 
1 from 3.1.1.3, gives a "true" dose rate sensitivity of 7.63 pA per mrad(Si) s-' 
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Figure 3-21 - Comparison Of Stopping Powers Of Silicon And Liquid Water Showing A 
Variable Ratio Between The Two. 
Results from the OMAD UV Radiometer previously flown on FASAT-Bravo, have provided 
an approximate lower estimate for the sensitivity of -- IpA per mrad(Si) s-'. Therefore the 
true dose-rate sensitivity should lie within these bounds (1-10 pA mrad(Si) s-'). 
3.1.1.4. Conclusions 
In conclusion, the thermal response of the diode detector chains appears to be approximately 
linear over the temperature range studied. The gradient of the thermal response is however 
different for every chain. The temperature response of the FM CEDEX detector chains 
therefore required the data to be obtained on orbit. 
The absolute response of the detectors to ionising dose-rate is consistent within a useful 
factor (7%). The effect of the Copper domes on the response could not be determined as any 
response was not measurable using REEF. 
The absolute sensitivity of the diodes was found to be 0.260 pA per mSv hr-1. A conversion 
factor was derived between Sieverts and Grays based on the relative stopping powers of 
water and silicon leading to a sensitivity of 7.63 pA per mrad(Si)s 1. This is consistent with 
experience with the OMAD UV Radiometer flown on FASAT-Bravo. 
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3.1.2. Thermal Calibration 
The temperature of CEDEX is measured and so the temperature response of the diodes 
detection chain can be extracted, with the remaining current due to ionising radiation. 
Diodes 1-3 (4mm Al, 2mm Cu and 4mm Cu respectively) are all calibrated from flight data. 
Only data from outside the belt and when the environment was particularly quiet were used 
for calibration. This was taken to be when the Diode 4 (2mm Al) registers 0 and above L=8. 
This is a valid assumption as there is a -6: 1 ratio between dose rate behind the 2mm Al 
shield and the 4mm Al shield. 
These data were then plotted against temperature in °C for each diode. The results were then 
subject to a RANSAC algorithm to determine those data points that were affected by large 
amounts of noise. This was done 5 times with a sample of 50 over 1000 iterations for each 
channel. 
This then identified the line of best fit to the temperature response. The temperature range 
encountered is between 15.62°C to 38.24°C. The data were then smoothed by a moving 
average algorithm. 
Diode 4 only returns a current when it is subject to radiation in the belt due to its negative 
offset. The temperature range encountered on orbit is not sufficiently low to push the current 
above 0. This means that it is not possible to directly separate the response to the radiation 
from that of the temperature. A small amount of data was available from initial ground tests, 
which was used to determine the thermal response of the diode. This was somewhat cruder 
than that performed for the other diodes, however the greater dose rate expected from this 
diode means that any residual thermal effects will have less of an impact. 
During the course of the mission, the thermal calibration of the diodes changed after 
resetting of the CEDEX instrument. This constituted a step change in the offset, rather than 
affecting the proportionality of the temperature to dark current. The calibration was therefore 
adjusted a number of times throughout the mission with the calibration equations listed in 
APPENDIX B. 
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3.2. CEDEX LET Telescope 
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Figure 3-22- Diagram Of Arrangement Of CEDEX Particle Telescope 
3.2.1. LET Calibration 
The CEDEX LET telescope is sensitive to any particles that may deposit energy in the PIN 
diodes. It is shielded by a 3mm thick aluminised copper dome to prevent electrons and low 
energy protons from reaching the sensor diodes. 
The CEDEX bin pulse-heights were calibrated prior to flight by means of the injection of 
charge pulses into the front-end charge amplifier using a precision pulse generator. 
Measured voltage pulses were applied to a test input capacitor (IOpF) placed in parallel with 
the prime PIN diode detector to give a range of charge inputs, Each 1 mV of input giving 
1 x10-3 Vx 10 pF = 0.01 pF of charge. Pulse height spectra are obtained for each input, and a 
calibration curve is calculated from the results. The instrument measures charge deposited, 
and this is converted to LET using the PIN material density (silicon) and its thickness. 
CEDEX starts to detect pulses at 7 mV (= 0.07 pC) input level, and is detecting 80% (i. e. 
1200/1500) of the pulses at its nominal threshold of 0.1 pC. Given the detector thickness of 
300 microns, and a material density of Silicon of 2.33 g cm , this gives a nominal LET 
2 
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threshold of - 29 MeV cm2 g' (Target was 32 MeV cm' g-1). The pulse height spectrum is 
digitised into 512 channels (bins), each representing approximately 1-2 MeV of energy 
deposited (the bin width varies slightly with bin number. It can be seen that there is an 
approximately linear relationship between charge deposited (and therefore LET) and 
CEDEX channel number [UNDE-05]. 
12500 
9375 
tr. 
6250 
w X 
F 
'ý 3125 
C 
LET (NeV cm2 g-1) vs Channel 
Channel 
Figure 3-23- LET Plotted Against Channel Assignment For Pulse Injection Tests Of CEDEX 
Particle Telescope JUNDE-051 
The highest channel reached, due to the voltage limit of the pulser, was Channel 396 (LET = 
10,052 MeV cm2 mg-'). However, extrapolation of the response indicates a maximum LET 
(Channel 511) of 12,700 MeV cm2 mg'. 
3.2.2. Geometric Factor 
There was insufficient time before launch to properly calibrate the instruments and so a 
degree of on orbit calibration was required as well as use of engineering models, 
functionally identical to the flight model. Calibration was performed in a variety of ways, 
using radiation testing, geometrical methods and computer modelling. The LET boundaries 
for the telescopes on both Merlin and CEDEX were both determined through pulse injection, 
simulating a particle strike. The instruments count the number of strikes in each LET bin. 
Converting this to a particle flux is achieved by multiplying by a geometric factor. This is 
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found by integrating over all detector area, solid angle and energies. CEDEX's two detectors 
(front and prime) are spaced 74 mm apart and are squares of side 30 mm, 300µm thick. This 
gives a field of view of 44° over the sides and 60° across the diagonal of the detectors. Thus, 
the LET uncertainty for particles triggering the prime and the front coincidence is dominated 
by geometrical effects: (i. e. the path can be up to (cos 30°)-' = 1.15 x longer than vertical, 
giving an uncertainty of - 15%. Combined, the LET uncertainty for particles passing 
through both detectors should be no more than approximately +/-10%. 
CEDEX also records separately particle strikes that occur in the prime detector only (i. e. 
those that do not pass through the front detector). The LET uncertainty for these particles is 
greater as the particles could have a range of path lengths in the detector. 
The counts in the coincident and non-coincident channels are combined to give a 47E field of 
view for each instrument. This is valid as the back shielding, due to the spacecraft structure, 
is not great enough to completely shield the back field of view. Further investigation of 
particle tracing through the spacecraft structure through modelling with GEANT-4 is 
required to obtain a more accurate understanding of the shielding. The back shielding is 
assumed to be the same as the front shielding (I cm Aluminium). The counts are then divided 
by the time resolution and the Geometric factor (G= 2; rx(Detector Area) for 41c field of 
view, assuming particle strikes from the front and the back of the detector). This gives the 
absolute flux for each bin. Dividing by the bin widths produces the differential flux. 
The coincident geometric factor calculated for CEDEX is not consistent with the number of 
particles observed in flight. The geometric factor through the telescope is given by [THOM- 
71]: 
Gco =4(Z2 +x2ý2 xatan 
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x2 
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f2 
. 10 
ZZ +2x 
Equ. 3-9 
x7-Length of PIN diode on a side= 3 cm 
Z=Separation of diodes= 7.4 cm 
G, o Coincident Geometric Factor= 2.67 cm2 sr 
A potential reason for this could be a problem with coincident/non-coincident channel 
differentiation. This would mean that events are assigned to the respective non-coincident 
strike, rather than the coincident channel, so no event data is lost but the reported ratio of 
coincident to non-coincident events would be too low. The proton flux for CEDEX is 
counted through the lowest 3 coincident channels as, due to contamination in the non- 
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coincident channels in this LET range, there is no non-coincident data. In order to generate 
an accurate factor to convert from particle counts to flux for the proton channel, the high 
energy LET data was used. As the proton and LET data are from the same data set, 
comparing the number of particles detected in the coincident channels to the total number of 
particles detected across 4n, gives a pseudo geometric factor. A comparison between total 
counts and co-incident counts is shown in Figure 3-24 with 2-6 95% confidence error bars 
for a representative month, February 2006. 
Comparison Of CEDEX Coincident Channel Counts And Counts 
Seen In Both Coincident And Non-coincident Channels For February 2006 
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Figure 3-24- Comparison Of CEDEX Coincident Channel Counts To Total Counts In Each 
LET Channel, Discarding Contaminated Channels 
Figure 3-24 demonstrates a factor of -60 difference between total counts and those seen in 
the coincident channels only. This is a factor of -3 greater than expected from purely 
geometric reasons. Therefore, a geometric factor of 0.94cm2sr is applied to the proton counts 
to evaluate the proton flux. This method assumes that the proton flux has an identical spatial 
occurrence to the ion flux. 
y= 63.327x 
R2 = 0.9868 
t- 
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3.3. Merlin Proton/Heavy Ion Telescopes 
The Merlin instrument is equipped with two particle telescopes- one to detect protons 
>40MeV and one to measure the LET spectrum from 95 McVcm"2g"'to >28494 McVcm"2g"'. 
These telescopes consist of two circular 300µm thick silicon PIN diodes arranged coaxially. 
Particles detected in the upper diode only are registered as non-coincident events, those 
detected in both diodes are registered as coincident. The proton telescope has a single set of 
counters, whereas the LET telescope bins the events into 32 logarithmically spaced bins, 
dependent on the energy deposited in the prime (upper) detector [QINE-05]. 
3.3.1. Geometric Factor 
As the two telescopes share a common physical design, they also share a geometric factor. 
To convert these counts to a particle flux requires conversion using a geometric factor, 
which for these telescopes, assuming particle strikes from the front of the telescope only is 
given by [THOM-71]: 
GC0 =22 
[2r2 
+Z2 - 
(2r2 
+Z2 -4r4 
)IV2 
Equ. 3-10 
Where: 
r= Radius of PIN diodes= 0.98cm 
z= Separation of diodes= 2.5cm 
G, o = Coincident Geometric Factor= 
1.13 cm2sr (both directions 2.26 cm2sr) 
Dividing the coincident counts by the integration period and this geometric factor gives the 
particle flux through the telescope. In the case of the LET telescope, particles are assumed to 
come from both directions as these particles are more penetrating and should go straight 
through the spacecraft. Whereas the proton telescope is sensitive to protons >40MeV from 
the front through 6mm Al shielding and > 100MeV from the back through -14mm Al 
estimated shielding due to the spacecraft and the 6mm Al from the Merlin shielding. 
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Figure 3-25- Diagram Of Arrangement Of Merlin Particle Telescopes 
3.4. Merlin SURF 
Merlin carries three large area aluminium plates to collect electrical charge, thus providing a 
measure of the charging environment encountered. These plates, measuring 70mm in 
diameter are arranged co-axially. If an electron stops in one of the plates, the charge it 
deposits is drained, and thus the instrument detects the current generated by the 
environmental electrons directly. The two upper plates are 0.5mm thick with the lower plate 
I mm thick in order to collect sufficient charge to detect at the higher energies that penetrate 
to this depth. All three plates have an additional 0.5mm Al shielding on above them on space 
facing facet of the Merlin instrument. Due to the mode of operation, the SURF charging 
currents can very simply be quoted in pA em"2 since they have each have a total area of 
38.46 cm2 and generate currents in the pA range. 
3.5. Merlin RADFETs 
The Merlin payload is equipped with two 'RADFETs'- MOSFETs with an especially thick 
gate oxide, enhancing their sensitivity to ionising radiation- located under the lid of the 
instrument. The devices used in Merlin are Tyndall ESAPMOSO4,400nm gate oxide. Being 
MOS devices, RADFETs give a particularly good indication of total ionising dose effects on 
CMOS technology. In Merlin, both RADFETs are operated unbiased, aside from short 
readout periods every 300 seconds to minimise fading due to annealing. The temperature 
dependence of the RADFETs are minimised by operating the devices with a current at 
around the point of zero temperature coefficient, 12.5µA [QINE-05]. 
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The RADFETs are located as shown in Figure 2-15 directly under the 5mm thick aluminium 
Merlin lid. One of the RADFETS is beneath a section of the lid thinned to 2mm with a 
diameter of 3mm. The transistor itself is located inside a ceramic DIL package with a 250µm 
Kovar lid. Kovar, a nickel-cobalt ferrous alloy has a density of -8.3gcm 3 and as such the 
device lid is approximately equivalent to an extra lmm of Aluminium shielding. Therefore 
the two RADFETs have shielding in the space-facing facet of 3mm and 6mm aluminium 
equivalent. 
The dose deposited in the RADFET devices is proportional to the shift in the device drain 
voltage. At launch, the drain voltages were -6.55V and -6.74V for the 6mm and 3mm Al 
equivalent shielded RADFETs respectively. The conversion of Total Ionising Dose in 
krad(Si02), D, to drain voltage shift in volts, AV, as supplied by Tyndall is shown below in 
Equ 3-3 [QINE-05]: 
AV = 0.485D0.704 Equ. 3-11 
The dose can then be found by reading the device drain voltage as shown in Equ 3-4: 
D= DY1.42 - 0.358 Equ. 3-12 
3.6. Data Description And Processing 
In order to properly interpret data from the CEDEX and Merlin instruments, a correct 
understanding of the location of the spacecraft is required. 
3.6.1. Timing 
The Unix time stamp in the Merlin files is the time stamp applied by the GIOVE-A OBC to 
the data. The original time stamping on Merlin is inoperative and so the time the data packet 
is received is used for timing. Therefore, this time is the end of the period of measurement. 
Merlin has a nominal time resolution of 5 minutes. 
CEDEX raw data downloads have a format with data from 4 periods in a single file. The end 
time of all these four periods is applied as a time stamp. The time stamp that is eventually 
applied to these is that of the end time of the 4 period data packet with the length of these 
periods subtracted to give the end time of each of these periods. The time resolution in 
CEDEX data is typically 75s. 
The Dose rate photodiode data is downloaded as part of the GIOVE Thermal Housekeeping. 
The time resolution on this data was originally 1 minute, but was later changed to 15s. 
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3.6.2. Coordinate Data 
Given the timestamps associated with each datum, various coordinate data can be 
determined. The GIOVE-A spacecraft, along with all spacecraft and debris above a certain 
size, is tracked by the US space command NORAD. This takes the form of RADAR 
measurements of the spacecraft orbit. These are made freely available in the form of 
Keplerian elements of the orbit at the CelesTrak website [CELE-07]. Measurements of 
satellite orbital data are typically updated every few days. These data can then be used to 
determine the position of the satellite at any given time. Orbital propagation models 
typically do not perfectly model the evolution of an orbit due to the various perturbations 
present. Therefore an orbit model projected forwards by a year may not correctly determine 
the true location of a spacecraft at that time. 
The CelesTrak Keplerian elements are used to determine coordinates for the GIOVE-A 
flight data. The orbital elements are inputted to the SPENVIS suite, which contains an orbit 
generator. This makes use of a numerical Runge-Kutta integration method that takes into 
account the oblateness of the Earth, the gravitational influences of the Sun and Moon, air 
drag, and radiation pressure [SPEN-07]. The location of the satellite can then be outputted 
for various times at a user determined resolution, projected forwards by 20 orbits, -12 days 
for the GIOVE-A orbit. This allows the latitude, longitude and altitude of the satellite to be 
determined for any datum of flight data, as well as local solar time. SPENVIS also 
implements a range of magnetic field models. The IGRF for the given time is determined for 
the time frame of the computation using secular change terms from the 2005 epoch model. 
An external magnetic field model can also be selected. The Olsen-Pfitzer Quiet model is 
used for this research since it remains constant and does not require input of variable 
parameters such, as solar wind conditions. SPENVIS then outputs the magnetic field data for 
each of the spatial coordinates previously determined. B and L coordinates are taken from 
this and combined with the spatial coordinate data to give a comprehensive view of the 
conditions encountered by the spacecraft at each data point. 
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CHAPTER 4- MODELLING OF GIOVE-A 
INSTRUMENTS 
This chapter describes the packages used for computer modelling of the CEDEX and Merlin 
payloads before addressing the methods used and results for each of the detectors. 
4.1. Modelling Software 
There are a range of different tools available to model shielding and the interaction of 
radiation with materials. These range from basic look up tables through to sectoring analysis 
and Monte Carlo packages. A number of these were used during this research and a 
summary of each is given below. 
4.1.1. SHIELDOSE 
SHIELDOSE is likely the most commonly used tool for the estimation of radiation dose 
behind different shielding depths in spacecraft for engineering purposes [SELT-80]. The 
tool is based on lookup tables, initially generated using Monte Carlo modelling using the 
ETRAN code [BERG-68]. The tool determines the dose measured behind a certain depth of 
aluminium shielding, given an external electron and proton population. It is a fast and fairly 
accurate tool used when the complex geometries of spacecraft are not known, however the 
tool comes with a number of drawbacks. It is essentially limited to one dimension, able to 
represent only spherical or planer slab geometries. In addition, though secondary particle 
doses are included in the dose prediction, the fact that only aluminium can be used as 
shielding limits the accuracy of these predictions if other materials are used. To a lesser 
extent the problem of material selection arises with the target material being selectable from 
a short list. 
The most recent edition of the code is SHIELDOSE-2, released in 1994 and offers a wider 
range of target materials as well as improved treatment of proton nuclear interactions 
[SELT-94]. SHIELDOSE-2 allows users to select an approximate geometry from the 
following: 
" Solid Sphere 
A detector at the centre of a solid sphere of Aluminium of given thickness, which is 
irradiated from all directions. 
" Finite Slab 
A detector placed behind a given thickness of a planar slab of aluminium, which is 
irradiated through the shield from one side only. 
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9 Semi-infinite media 
A detector placed at a given depth inside an Aluminium block with assumed infinite 
side and back shielding and is therefore irradiated from one side only. 
To analyse more realistic, more complex geometries, SHIELDOSE results are often used in 
sectoring analysis, such as that performed using SSAT [QINE-06]. 
4.1.2. GEANT-4 
GEANT-4 is a powerful and extensive toolkit for the simulation of radiation transport and 
interactions [GEAN-03, GEAN-06]. It is an open source, object oriented toolkit that 
includes a wide range of electromagnetic and hadronic physics. GEANT-4 allows for the 3D 
simulation of a geometry including to accurately describe interactions that would occur in 
reality between target materials and source particles. GEANT-4 is a large package and 
therefore certain aspects of it can be taken and used to produce smaller, more targeted 
packages such as SSAT, MULASSIS and GRAS mentioned in the following sections. 
4.1.3. Sector Shielding Analysis Tool (SSAT) 
SSAT uses GEANT4 as a ray tracing tool [QINE-06]. This is performed by firing non- 
interacting "virtual" particles, termed geantinos, from a point in the geometry to be studied. 
Each particle establishes the thickness of material (in g cm"2) in a linear ray from this point. 
By firing multiple particles in different directions, a distribution of the shielding at that point 
is obtained. The shielding data are binned into shielding depths that can be selected by the 
user. These shielding depths are then related to a dose using a dose depth curve, such as 
those produced by SHIELDOSE. These doses are weighted based on the solid angle they 
comprise in the simulation and then summed to give the total dose observed at that point, 
from all directions and shielding depths. The sectoring analysis then is dependent on the 
external dose depth curve to derive doses. As stated in 4.1.1, SHIELDOSE is based on 
assuming the material shielding is equivalent to Aluminium. This can lead to discrepancies 
when different materials provide significant shielding to the area of interest due to 
differences between elements in their nuclear interactions and secondary particle production. 
4.1.4. Multilayered Shielding Simulation Software (MULASSIS) 
MULASSIS, developed by QinetiQ, is a Monte-Carlo based tool for dose and particle 
fluence analysis [QINE-04]. The user can define layers for a geometry consisting of 
detectors and shielding as either planar layers or spherical shells, utilising a 1-D geometry. 
Source particles can then be fired at the geometry with a defined energy spectrum and 
angular distribution and can consist of a range of particle species. Analyses can then be 
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performed on any of the layers including fluence, total lonising/Non-Ionising Energy Loss 
(NIEL) dose and Pulse Height Spectrum (PHS) analysis. 
4.1.5. GEANT-4 Radiation Analysis For Space (GRAS) 
GRAS, developed by ESA, is a reduced package of GEANT-4 targeted at the space 
environment community [SANT-05]. It is essentially a selection of tools from GEANT-4 to 
simulate devices and structures and perform Monte-Carlo Analyses on them. GRAS has the 
capability to measure the fluence, doses and charging encountered by components or devices 
to a user defined radiation environment. The environment can consist of any known particle 
species or ions having energies selected from an energy spectrum or can be mono-energetic. 
These particles can be fired from a surface, volume or point over a range of angles and can 
be distributed isometrically or by a cosine rule. 
4.1.6. Transport Of Ions In Matter 1990 (TRIM90) 
TRIM90 is a particle transport code to simulate the interaction of protons and heavy ions 
with materials [ZIEG-08]. The code allows for any conventional material to be used as a 
target as well as allowing for any choice of ion as a source. The code calculates the final 3D 
distribution of ions fired at the target as well as all kinetic phenomena associated with the 
ions interaction with the target material. This includes damage to the target, sputtering, 
ionisation and phonon production. 
4.2. Modelling Of Instruments 
After calibration of the instruments, there is a requirement to determine exactly how the 
measurements obtained from them relate to the environment they encounter. This required 
modelling of the instruments using various software to determine their responses to the 
various particle populations present in MEO. 
4.2.1. CEDEX 
CEDEX consists of the LET Telescope and a set of four dose rate diodes, the former being 
sensitive to protons and heavy ions, and the later being most sensitive to the trapped electron 
population. 
4.2.1.1. LET Telescope 
Unlike the Merlin particle telescopes, CEDEX was intended to detect protons and heavy ions 
in the same telescope with protons dominating the lower LET bins due to the relative 
magnitudes of the particle populations 
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In order to separate the response of the telescope to protons and heavy ions, the telescope 
arrangement was simulated using TRIM90 and Mulassis to determine which channels would 
be most sensitive to protons and which to alpha particles. These models were arranged with a 
3mm layer of Copper representing the shield, followed by two 0.3mm layers of silicon to 
represent the PIN diodes. These arrangements were run using mono-energetic protons and 
the mean dose deposited per proton measured in both packages with a beam incidence of 0° 
and 30° to cover the two extremes of the telescope arrangement. 
4.2.1.1.1. Results 
The results from the TRIM-90 and Mulassis simulations at normal incidence are shown in 
Figure 4-1 and Figure 4-3 for protons and alpha particles respectively and Figure 4-2 and 
Figure 4-4 show the results for 30°. Clearly, the two simulation methods show good 
agreement with one another, and demonstrate which energy ranges for the two particle 
species each of the low channels are sensitive to. 
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Energy Deposited By Protons In CEDEX Particle Telescope at 30° Incidence 
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Figure 4-2- Simulation Of Response Of CEDEX Particle Telescope To Protons Using TRIM 90 
And Mulassis At 30° Incidence Showing Channel Thresholds 
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Energy Deposited By Alpha Particles In CEDEX Particle Telescope At 30° Incidence 
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Figure 4-4 Simulation Of Response Of CEDEX Particle Telescope To Alpha Particles Using 
TRIM 90 And Mulassis At 30° Incidence Showing Channel Thresholds 
From these results, it can be seen that at normal incidence, the telescope is sensitive to 
coincident proton events at energies between 43.6 to 46.1 MeV at. The three lowest channels, 
those sensitive to protons are also sensitive to alpha particles with energies between 200 and 
330MeV at normal incidence. At 30° incidence the prime detector is sensitive to protons 
with energies between 43.6 to 46.9MeV and alpha particles with energies between 210 and 
380MeV. Figure 4-5 shows the proton and alpha particle differential spectra for CREME-86 
M=3 with no shielding, with the regions the CEDEX LET telescope is sensitive to 
highlighted. It can be seen that whilst the proton flux is significantly greater, the range of 
energies the LET telescope detects is far narrower than with alpha particles. These relative 
sensitivities show that for every proton detected, 4.55 alpha particles will be detected with 
CREME-86 expected fluxes of 1.45x 10-3cm `sr's-' for protons and 6.59x 10-3cm 2sr's 1 for 
alpha particles. Therefore, the CEDEX particle telescope is more sensitive to alpha particles 
in the lowest three channels, initially thought to be most sensitive to protons. 
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4.2.1.1.2. Conclusion 
A crude determination of the relative sensitivity of the CEDEX particle telescope to protons 
and alpha particles demonstrates the lowest three channels of data, initially thought to be 
most sensitive to protons is in fact more sensitive to alpha particles by a factor -4.5, under 
normal CREME-86, M=3 conditions. During flare time, i. e.: CREME-86 M=5, the telescope 
is expected to be more sensitive to Protons, with a ratio in expected fluxes of 4: 3. These 
calculations assume equal weighting to the higher energy particles at the maximum 30° 
incidence as at normal incidence. Therefore, the expected fluxes from modelling will be an 
overestimate of the true flux. 
4.2.1.2. Dose Rate Diodes 
The CEDEX dose rate diodes are sensitive to any particles depositing energy into them and 
so can detect gamma rays, electrons, protons and heavy ions. However, due to the large 
trapped particle population, their dose rate measurements are completely dominated by 
electrons. The sensitivity of the electrons to different energies was modelled to determine the 
dose rates that could be expected on orbit given models of the environment. 
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The diodes on CEDEX sit behind four domes bolted into the upper lid of the CEDEX unit. 
These domes are of different thicknesses: 2mm aluminium, 4mm aluminium, 2mm of copper 
(equivalent to 6.5mm aluminium), and 4mm copper (equivalent to 13mm aluminium). An 
initial approximation of this arrangement assumes the domes to be hemispheres of uniform 
thickness with no dose arriving from outside of the domes solid angle coverage. Hence, the 
dome shielding can be crudely approximated as a half spherical shell of equivalent 
aluminium thickness using SHIELDOSE-2 with a silicon target representing the diodes 
themselves. Figure 4-6 shows the expected total doses from the CEDEX dose rate diodes 
from SHIELDOSE-2 calculations. It can be seen that virtually all the dose encountered is 
due to electrons and secondary Bremsstrahlung from the electron population, with significant 
proton flux confined to lower altitude. No solar protons are present in the prediction as the 
mission takes place at solar minimum and it is assumed the total fluence over this period is 
zero. From this figure, all the diode doses are dominated by the primary electro doses, apart 
from the 4mm Cu (equivalent to 13mm Al), which is entirely due to Bremsstrahlung. 
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Figure 4-6 SHIELDOSE-2 Spherical Shell CEDEX Dose Rate Diode Two Year Mission Dose 
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4.2.1.2.1. Mulassis 
Using Mulassis, the diodes were modelled in I D. This model represents the case of particle 
strikes normal to the plane of the diode, retaining the thickness of the shielding dome. This 
allows proper treatment of the copper domes, rather than representing them as an equivalent 
thickness of aluminium. Having the correct material present improves the accuracy of the 
modelling as secondary particles are correctly accounted for, according to the Monte Carlo 
code. Figure 4-7 shows the two year mission dose for a half spherical shell (to reflect the 
geometry of the diode shielding) derived from both Mulassis and SHIELDOSE-2. It can be 
seen that the two are in fair agreement, though errors are substantial in the Mulassis 
predictions for the copper shielded diodes due to the statistics of the modelling. The small 
discrepancy between the results from SHIELDOSE-2 and Mulassis may be due to the extent 
of the silicon target, simulated as 300µm thick in the Mulassis simulation and normalised in 
the SHIELDOSE-2 predictions. 
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Figure 4-7 - Half Spherical Shell AE-8 MIN Predicted Two Year Mission Dose From Mulassis 
And SHIELDOSE-2 
The diodes are 2.4mm on a side and 300µm thick. The packaging of the diodes consists of a 
Quartz window and a thin metal pack as shown in Figure 4-8. The diode packaging 
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thicknesses are unknown and so contribute a systematic error to the modelling of the 
instruments. 
It is important to incorporate at least a thin a window to simulate the effect of screening out 
low energy secondary electrons and to simulate secondary particles from the window itself. 
A series of Mulassis simulations were run with varying thicknesses of the diode window to 
determine the impact this unknown would have to simulations. The 2mm Al shielded diode 
was simulated in a planar arrangement with the variable thickness Quartz window, between 
10µm and 2mm, placed between the Aluminium shield and the diode itself. This 
arrangement was run with an AE-8 electron spectrum expected from the GLOVE-A orbit. 
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Figure 4-9 shows the impact of the thickness of the diode Quartz window on dose rate. 
Across a reasonable range of window thicknesses, i. e. <lmm, the dose received by the diode 
per electron varies by -5%. This suggests the diode window only has a small impact on 
response of the diode and does not constitute a substantial error. 
4.2.1.2.2. G RAS 
To obtain a true representation of the device response, a full 3D GDML model was created 
using GRAS. This design was based on measurements of the Engineering Model of CEDEX, 
as well as scaling dimensions from CAD models. This model represents a more accurate 
representation of the full shielding seen by the diodes in the instrument. This model includes 
the bulk structure of the CEDEX unit box, the particle telescope shielding dome and support 
structure, in addition to the photodiodes and shielding domes. The model is shown in Figure 
4-10. 
Figure 4-10- GDML Model Of The CEDEX Unit 
Due to the small size of the instrument compared to the spacecraft and in turn the small 
detector area compared to the instrument, it was not practical to model the entire spacecraft 
in this model. Spacecraft back-shielding is accounted for by the inclusion of an 8mm 
aluminium plate located on the back of the CEDEX instrument. This 3D model was used to 
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run a series of mono-energetic electron populations of N=25million particles originating at 
the surface, area = A, of a sphere 15cm in radius, surrounding the instrument. 
A cosine law distribution was used to simulate an omni-directional flux, using angles from 
0min 0° to Ami 60° from the normal. 
For a given energy dependent fluence 4(E), The omni-directional flux over a full sphere is 
given by: 
zyr i 
04ir (E) =f day f b(E)d (cos B) = 4nco(E) 
0 -1 
Equ. 4-13 
However, the number of particles crossing a surface boundary per unit area per unit solid 
angle at a given angle from the normal of the surface is 4(E)cos6. Therefore, the total current 
crossing in through the boundary surface is given by: 
2ir cos8v 
j(E) = 
Jdco 
Jo(E) cos 
öi(cos 0) = 
[(cos 
Bmill )2 - COS Bm 
)2 ýýE) Equ. 4-14 
0 cos 0. 
Assuming Om =0, this gives a simulated flux to 4n flux conversion of: 
O(E)= 
4 
J(E) 
cos Bmax )2 
Equ. 4-15 
GRAS outputs the dose deposited per electron in the simulation, d. For the dose rate diodes, 
the total dose rate at a particular energy, from GRAS simulations is given by: 
dD DE OE Equ. 4-16 
dE Osim 
Where D=total dose in the simulation and q;, can be found using Equ. 4-3: 
3 sim 
Equ. 4-17 Osim = 
lb 
.1 
Where: 
N 
isim = 
d=D 
N 
The differential dose rate at any energy from the simulation is then given by: 
dD MA 
dE = 16 
OE Equ. 4-18 
Therefore, a normalisation factor of 3A/16 was applied to the measured per electron doses. 
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4.2.1.2.2.1. Results 
The series of mono-energetic runs produces a dose per electron response curve for each 
diode across all energies, as shown in Figure 4-1 1. Here it can be seen that the 2mm Al 
shielded diode begins to have a direct electron dose above -I MeV, -2MeV for the 4mm Al 
shielded diode and -3.5MeV for the 2mm Cu shielded diode. Below these energies, the dose 
is comprised of secondary bremsstrahlung. The 4mm Cu diode seemingly does not encounter 
direct electron doses below electron energies of 6MeV. At lower energies, the statistics of 
the simulation become increasingly poor as fewer and fewer particles strike the sensitive 
diodes. This region is negligible in terms of dose per electron compared to higher energies, 
however, due to the shape of the electron environment spectrum, this region can be very 
significant and errors related to these data points can be greatly amplified. 
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Figure 4-11- CEDEX Dose Rate Diode Response Curves From GRAS Monte Carlo Modelling 
Multiplying these response curves by a differential energy spectrum produces a differential 
dose rate for each diode. This is shown for a 20 orbit averaged AE-8MIN energy spectrum in 
Figure 4-12. It is clear that the lower energy end of this differential dose rate contains 
substantial errors, as an extension of the modelling results from Figure 4-11. However, this 
same region is also responsible for the vast majority of the dose in the 4mm Al, 2mm Cu and 
4mm Cu shielded diodes, the 2mm Al diode receiving the majority of its dose at higher 
energies. 
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Figure 4-12- CEDEX Dose Rate Diodes AE-8 MIN Predicted Differential Dose Rate 
Due to the substantial errors at lower energies, the estimates of total dose rate are taken from 
a minimum energy of IMeV as this is the lowest energy electron that could be expected to 
cause direct dose deposition in the 2mm Al shielded diode. A pair of quintic polynomials are 
fit to the data for each diode, one from the low energy end to the first data point past the peak 
and another from the peak to the point where the differential dose rate drops to 5% of the 
peak. These equations are then integrated and combined to produce the dose rates expected 
from the diodes from that particular energy spectrum. This was also done for the high and 
low errors points to give an estimate of the statistical error carried over to the final results, as 
shown in Table 4-I. Clearly statistical errors are substantial on the Copper shielded diode 
predictions, due to the few particles in the simulation able to reach the sensitive area through 
the thick shielding. These errors are based on the differential dose rate obtained from a 
space-like energy spectrum, heavily weighted towards lower energies. 
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Diode Shielding Depth Statistical error 
2mm Al 10% 
4mm Al 20% 
2mm Cu (6.5mm Al) 41% 
4mm Cu (13mm Al) 38% 
Table 4-1 -Table Of Statistical Errors From Monte Carlo Analysis Of CEDEX Dose Rate 
Diodes 
It should be noted that the location of the CEDEX unit on the GLOVE-A spacecraft affords a 
degree of shielding to the sides of the instrument as shown in Figure 2-l0and Figure 2-11. 
This is difficult to account for in Monte Carlo simulations due to the small feature size of the 
diodes compared to the size of the spacecraft, which would need to be incorporated to 
properly account for all sources of shielding. The shielding to the side of the CEDEX is due 
to the protruding +Z facet of the spacecraft is assumed to be negligible as the shielding 
occurs edge on to the diodes. Given their dimensions, the vast majority of the dose 
encountered will be in the space-facing facet of the CEDEX unit. Further, since the upper 
surface of the diode packaging is flush with the upper surface of the CEDEX unit, the diodes 
themselves are set back into the 1cm thick upper plate slightly, adding extra shielding from 
the CEDEX unit, a much greater contribution than from the spacecraft. 
4.2.2. Merlin 
The Merlin instrument is comprised of the SURF charging plates, a pair of dose sensitive 
RADFETs and two particle telescopes. Each of these detectors were simulated separately to 
determine their response to the trapped electron environment. A GDML model was 
constructed of the Merlin unit, as with CEDEX, incorporating the main structures with an 
8mm Al base to represent the GIOVE-A spacecraft, as shown in Figure 4-13 for use in 3D 
GEANT-4 modelling. 
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Figure 4-13- GDML Model Of The Merlin Unit 
4.2.2.1. SURF 
Initially, the Merlin SURF plates were simulated using 1-D Mulassis modelling. This was 
followed by a more accurate 3-D model utilising GRAS. DICTAT was then used to verify 
these results. 
4.2.2.1.1. M ulassis 
Initially, Mulassis was used to model the SURF plates. The SURF plates are large area 
detectors and so are represented fairly well in a 1-D model. The plates were exposed to a 
series of mono-energetic runs and the fluence of electrons on either side of each plate 
registered. To account for secondary particles, the direction of the particles is also registered. 
The difference in the number of particles travelling in the same direction either side of each 
plate is combined with that of particles flowing in the opposite direction to determine the 
number stopping in each plate, as shown in Figure 4-14. The electrons in the simulations 
were fired at normal incidence. 
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Figure 4-14- Method Of Calculation Of Particles Stopping In SURF Collector Plates 
4.2.2.1.1.1. Results 
For normal incidence, the numbers of electrons stopping in each plate at a range of energies 
are shown in Figure 4-15. From these results, it can be seen that the plates are most sensitive 
to electrons at energies of 0.8MeV, 1.2MeV and 1.8MeV respectively. The most shielded 
plate has a greater response than the middle plate as the former is twice the thickness of the 
later in order to detect a reasonable quantity of electrons at this depth. This extra thickness 
also leads to a greater spread in the response across energy. Combined, the plates stop -2/3 
of electrons at - I. 5MeV with others absorbed in the upper shielding or being reflected back. 
Electron Energy Response of SURF Plates 
60 
Q, 
50 
ä 
C -a 40 
Q 0 
0 
Ü] 
c 30 
U 
61 
w 20 
0 
0 
10 
0 
--' Plate 1 
Plate 2 
" Plate 3 
Total 
- ia=_ 
0123456 
Electron Energy/ MeV 
Figure 4-15- SURF Plates Response Curves For 1-D Mulassis Modelling At Normal Incidence 
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4.2.2.1.2. GRAS 
As with the CEDEX instrument, the Merlin instrument was modelled in 3-D using GDML. 
This model was built using engineering descriptions of the unit as well as scaling from CAD 
models. The model incorporates the bulk structure of the unit box, the SURF collector plates 
and the RADFETs, internal structure and circuit boards, etc. are ignored. The front of the 
Merlin unit is cut to 0.5mm Al thickness in front of the collector plates. The SURF plates 
were simulated with two distinct modules of the GRAS program. Firstly, the dose module 
was used since the more suitable fluence module was not functioning. This was done using a 
thin vacuum layer either side of the plates used as a detector. Particles interacting with these 
layers were counted either side and hence the number of particles stopped within the plates 
counted. The Monte Carlo analysis of SURF was repeated using the fluence module to verify 
earlier results once a functional version was available. This has the advantage of being able 
to count all electrons entering and leaving the volume of the plates, rather than just those 
entering or leaving the plates through the vacuum layers. The different methods of counting 
particles are shown in Figure 4-16. Cases I and 2 where particles travel through the plate's 
plane surfaces, either passing through the plate or stopping, are counted the same in both 
modules. However, case three will only be counted correctly by the fluence module, the dose 
module counts this case as a particle leaving the plate. Particles entering the plates from the 
side should however have a negligible impact on the counting however due to the small 
thickness of the plates compared to their area. 
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Figure 4-16 -Differences In GRAS Dose And Fluence Modules Counting 
The mono energetic particle runs were performed with N= 100,000 electrons emanating from 
a spherical surface, A, of radius 17cm. Fewer particles were used in this simulation compared 
to the CEDEX dose rate diodes, as the sensitive area of the SURF instrument is substantially 
larger than that of the diodes. A cosine law distribution was used to simulate an omni- 
directional flux, using angles from 6,,,;,, =0° to 0,,, ax=45° from the normal. 
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For a given energy dependent fluence 4(E), The omni-directional flux over a full sphere is 
given by: 
z; r i 
04ir (E) = Jdw j«(E)d(cos 0) = 4; cg5(E) 
0 -1 
Equ. 4-19 
However, the number of particles crossing a surface boundary per unit area per unit solid 
angle at a given angle from the normal of the surface is 4(E)cosO. Therefore, the total 
current, j, crossing in through the boundary surface is given by: 
Zr cosB,,, o 
j(E) =f do) jo(E) cos Od(cos 6) = ; c[(cos 9min)2 - (cos Bm.. )2 
}(E) 
Equ. 4-20 
0 Cos B. 
Assuming 0,,,;,, =0, this gives a simulated flux to 4n flux conversion of 
=4Z . 
%E q(E 
1- COS 8max) 
Equ. 4-21 
GRAS outputs the charge deposited per electron in the simulation, i. For SURF, the total 
differential charging current at a particular energy, from GRAS simulations is given by: 
dl 
_IEE dE ýsim 
Where I=total charging in the simulation and Os;,  can be found using Equ. 4-9: 
9sim = 8fsim 
Where: 
N 
isim =A 
1 
i=- 
N 
Equ. 4-22 
Equ. 4-23 
The differential charging current at any energy from the simulation is then given by: 
dl iA 
dE 8 
Equ. 4-24 
Therefore, a normalisation factor of 0.125A was applied to the charge per electron detected 
in each plate. 
4.2.2.1.2.1. Results 
SURF response curves from the GRAS dose and fluence modules are shown in Figure 4-17 
and Figure 4-18 respectively. These show that the upper plate is sensitive to lower energy 
electrons, with those at greater shielding depths sensitive to higher energy electrons, as 
would be expected. The bottom plate has a more gradual drop off at higher energies, likely 
due to the plate being twice as thick as the two upper plates. The two sets of response curves 
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appear fairly similar, however there are important differences between them. The results 
obtained with the fluence module imply the plates are sensitive to lower electrons than those 
from the dose module. This is only a small difference, however the large number of low 
energy electrons increases this effect leading to a greater difference between the two once 
the electron energy spectrum is taken into account. In addition to this, the peak response of 
the middle plate in the fluence module modelling is -20% greater than that from the dose 
module data. 
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Figure 4-17-SURF Charging Current Response Curves For The GRAS Dose Module Monte 
Carlo Simulations With A Mono-Energetic Flux Of 1 cm-2s-1 
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4.2.2.1.3. DICTAT 
The DICTAT program was used to model the SURF plates to act as an independent 
verification of results from the GEANT-4 based GRAS and Mulassis programs. The l-D 
model was used to determine the charging currents expected from each of the plates from a 
mono-energetic electron population, which was then combined with the expected model 
spectrum, as with the Monte Carlo modelling. 
4.2.2.1.3.1. Results 
The SURF response curves determined from DICTAT simulations are shown in Figure 4-19. 
These response curves are a fair match to those derived from GRAS simulations, specifically 
those determined from the GRAS dose module. They are however somewhat lower in 
absolute terms. 
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4.2.2.1.4. Conclusion 
There is a degree of agreement between the three sets of response curves obtained from 
MULASSIS, GRAS and DICTAT modelling. However, there are differences in the data, 
specifically with the GRAS-fluence analysis. This yields a response similar to those obtained 
from the other methods, but shifted to lower energies, with a greater peak charging current 
on the second plate. Due to the agreement between the GRAS dose module and the 
MULASSIS and DICTAT results, the results from this module are used in future analyses. 
4.2.2.2. RADFETS 
Merlin contains two RADFETs on the +Z space-facing facet of the instrument. These are 
behind two different shielding depths of 6mm Al and 3mm Al in the +Z, the former being 
behind the 5mm thick lid of the Merlin unit, the later having a 3mm diameter hole drilled 
into the lid, thinning the shielding seen by the RADFET, as shown in Figure 4-20. The 
RADFET packaging constitutes another 1 mm Al equivalent in the +Z due to a 0.25mm thick 
Kovar packaging lid. 
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Figure 4-20- Cross Section Of RADFET +Z Shielding (Not To Scale) 
4.2.2.2.1. SSAT 
The Merlin RADFETs were modelled using SSAT. This utilised the same model of Merlin 
instrument as used for the analysis of the SURF plates. The RADFETs themselves are 
essentially composed of the RADFET package surrounding the FET itself. The FET is 
modelled to a fair degree of detail as a series of layers, reflecting the design of the device. 
These layers are shown in Figure 4-21. These layers are surrounded by the RADFET 
package, composed of Alumina. 
Layer Material Thickness/mm 
Pack Lid Kovar 0.25 
v'accum La er Vacuum 0.25 
F'assivation Layer Si3N4 0.0002 
Metallisation Layer Al 0.0002 
Gate Oxide Si02 0.0004 
Substrate Layer Si 0.5 
Adhesive Layer A SiO2 0.25 
Gold Layer PAD Au 0.0015 
Nickel Layer Ni 0.002 
Tungsten-Copper Layer Wcu 0.00025 
Figure 4-21- Arrangement Of Merlin RADFET Layers 
The SSAT analysis used a SHIELDOSE-2 dose-depth curve for a 2-year mission in the 
GLOVE-A orbit using AE-8 MIN. The shielding distribution was determined from the centre 
of the Gate Oxide in both RADFETs, the region sensitive to ionising dose. The simulation 
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utilised the same GDML geometry model of Merlin as was used for GRAS simulations of 
SURF. The simulation used 2° x 2° solid angle bins, each sampled with 100 particles for 
each RADFET. 
4.2.2.2.2. Results 
The shielding distribution obtained from sectoring analysis of the Merlin RADFETs is 
shown in Figure 4-22. As would be expected, the shielding distribution for the two 
RADFETs is similar above -8mm, below this, the +Z facet is the primary contributor to the 
shielding, the region where the two differ. The 3mm Al equivalent shielding of one of the 
RADFETs is a comparatively small portion of the total shielding. 
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Figure 4-22 - RADFET Shielding Contributions From SSAT Sectoring Analysis 
Once the sectoring shielding depths are converted to associated doses, this region can be 
seen to be making a substantial contribution to the total dose as shown in Figure 4-23. Here 
it can be seen that the dose expected behind 3mm Al equivalent in +Z is substantially greater 
than that expected for the greater shielded 6mm Al in +Z, noting the differing scale in the y- 
axis. Only a very small contribution of total dose comes from higher shielding depths, and 
therefore the majority of the dose in each RADFET comes from the +Z facet. 
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Figure 4-23 - RADFET Dose Contributions From SSAT Sectoring Analysis 
The daily dose rates are shown in Table 4-2. 
4.2.2.2.3. GRAS 
Sectoring analysis of the RADFETs gives a good measure of the shielding to the RADFET. 
However, the design of the FET is fairly complex and contains a number of different high Z 
materials. These, whilst very small, are extremely close to the sensitive Gate Oxide layer and 
so any difference to secondary particle production and particle transit between these 
materials and the Aluminium default of SHIELDOSE can give rise to differences in total 
dose measurements. 
To this end, it is important to verify the results of the sectoring analysis with Monte Carlo 
simulations, taking into account differing material properties. However, the sensitive region 
of the RADFET, the Gate Oxide is only 400nm across. This presents a problem for Monte 
Carlo simulations as the surface particles emanate from must be exterior to the Merlin unit to 
include all shielding. Due to the small feature size of the RADFET Gate Oxide, a large 
number of particles were used in these simulations with runs using 1 billion electrons. 
Initially, a sphere of radius 15cm was used as a source, firing electrons >IMeV at the Merlin 
model. This was centred on each RADFET in turn, firing electrons at angles up to 10° from 
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normal in a cosine distribution. The large contribution from secondary particles in the 6mm 
+Z Al dose, required that the maximum angle of incidence be increased to 30°. Table 4-2 
shows a comparison of daily dose rates for GRAS and SSAT predictions for the Merlin 
RADFETs. 
Al Equivalent Shielding Depth 
in +Z/mm 
Monte Carlo Simulation/ 
rad Si02 day-' 
Sectoring Analysis/ 
rad Si02 day" 
3 34.857 (12.647 39.156 ±1.917 
6 3.338 ±1.735 3.312 ±0.093 
Table 4-2 -Table Of Merlin RADFET Daily Doses From GRAS And SSAT Modelling 
Problems were encountered with the Monte Carlo simulations. Namely, only 9 particle 
strikes were counted in the 6mm Al equivalent shielded RADFET out of a total of 1 billion. 
Clearly, the statistical significance of this result is therefore in doubt. This number of 
particles is insufficient to cover the variability due to the structure of the RADFET itself and 
any dose enhancement that may be occurring from this. However, the mean dose rates 
predicted by the Monte Carlo simulations are a good match to those from the sectoring 
analysis, though with substantial statistical errors. 
4.2.2.2.4. Proton Telescope Pulse Pile-up 
The Merlin proton telescope has a low trigger threshold in order to detect incident protons 
>40MeV. The telescope has front shielding of 6mm Aluminium equivalent, thus preventing 
lower energy electrons reaching the PIN diode detectors. The threshold for detection is set to 
500keV in order to observe the required energy range of protons. Transits of the radiation 
belt increase the count rate from the detector dramatically, which is therefore sensitive to 
electrons in the belt. This occurs due to pulse pile up in the detector electronics. The pulses 
from the detector diodes are amplified by a CR amplifier, resulting in an exponential drop 
off in voltage with a time constant of 500ns. The CR high-pass filter improves the signal-to- 
noise ratio by attenuating the low frequencies, which contain a lot of noise and very little 
signal. If electrons are incident at a sufficient rate, these voltages will be summed and the 
total voltage may exceed the threshold, thus incrementing the detector counter. The counts 
within the belt are therefore a measure of electron flux at the same shielding depth as the 
higher shielded RADFET. 
A statistical Monte Carlo model for the pulse pile up was therefore produced. This assumes 
an AE-8 energy spectrum and only incorporates electrons >0.1MeV. A time interval is set to 
study, set as 0.1 seconds, with a time step also defined as IOOns. This is combined with a 
defined >0.1MeV integral flux to give a Poisson distribution of the probability of a given 
number of electrons striking the detector assembly (including front shielding) in any time 
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step. Electrons are assumed to only arrive from the front of the detector due to the significant 
back-shielding. 
A random number is generated at each time step to determine the number of electrons 
depositing dose in that interval based on this distribution. A set of random numbers are then 
generated, one per electron, to determine an angle for the electron to strike the prime 
detector, weighted by a cosine distribution. The telescope was modelled using Mulassis and 
pulse height analysis performed at 10° angle of incidence intervals between 0° and 80°. 
Approximately 15-20million particles were fired per interval (A run time of 90 minutes was 
defined per run, rather than a total particle number), weighted by the >0.1MeV mean AE-8 
spectrum encountered by the GIOVE-A orbit between L-shells of 4.5-5. The dose each 
electron deposits is generated by a random number, weighted based on the pulse height 
analysis. The majority of these particles do not reach the diode and so very few deposit any 
energy into the detector. 
This deposited dose is then used as a proxy for the internal voltage and so the CR amplifier 
exponential decay function is applied to this dose directly. Each time step, the doses are 
reduced based on this decay function and the elapsed time since deposition and are then 
summed. If in any of these time steps this dose exceeds 500keV due to the pile up, a counter 
is incremented. It is required however that the dose drops below this threshold before the 
counter will increment again so that it will not increment if consecutive time steps exceed the 
threshold as demonstrated in Figure 4-24. 
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Figure 4-24 -Plot Demonstrating MPT Pulse Pile-Up With Events Exceeding The Threshold 
Triggering Counter Increments 
These simulations were repeated ten times to obtain an average for a number of different 
>0.1 MeV integral fluxes, thus building up a simulated response function for the proton 
telescope. This yields a conversion function from the total counts measured per second (i. e.: 
the sum of non-coincident and coincident counts) to electron flux. Both non-coincident and 
coincident counts are used as the counts are due to pulse pile up and so a particular event in 
one detector is unlikely to be related to an event in the other. This then includes all counts in 
the prime detector. 
The ten simulations at each integral flux yielded variable results. The >0.1 MeV integral flux 
is shown against telescope counts per second in Figure 4-25. Errors shown are calculated as 
the square root of the mean of particles counted, assuming a Poisson distribution, multiplied 
by 10, as the duration simulated is 0.1 seconds. It is clear from Figure 4-25 that these errors 
prove substantial. However, the data suggest a linear relationship between counts and 
particle flux. 
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Figure 4-25 ->O. IMeV Electron Integral Flux Against Counts Per Second For Pulse Pile-up 
Modelling Of The Merlin Proton Telescope 
A linear fit to these data yields a conversion from counts to >0.1 MeV integral electron flux 
of 376808 x Counts + 1473351 with an error of -27% from 26 error bars. 
CHAPTER 5- THE GIOVE-A RADIATION 
ENVIRONMENT AND COMPARISONS TO MODELS 
This chapter presents results obtained from calibrated radiation flight data from GLOVE-A, 
covering protons, heavy ions and electrons. These results are compared to environment 
models and data from other spacecraft using the results from computer modelling of the 
instruments. The effects of the radiation environment on the GLOVE-A spacecraft are also 
presented. 
5.1. Proton Environment 
Observations of the proton environment have verified a background flux with little long term 
variation as shown in Figure 5-1. A small proton event on 6th July 2006 can be seen at day 
187, in addition to one period of significant activity in December 2006. A number of other 
spikes in the data can be seen, these are residual electron contamination from periods when 
both the radiation belt was enhanced and the magnetosphere itself was distorted. 
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Figure 5-1 -Merlin Proton Fluxes From Beginning 2006 To End May 2008 Showing One 
Significant Period Of Enhancement For Coordinates Where L>8 
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The proton flux as measured by Merlin lies at a slightly lower level than the predicted 
CREME-86, M=1 flux by a factor - 1.5. 
A slight upward trend in the background proton population is discernable in Figure 5-1. This 
is shown more clearly in Figure 5-2 using a linear ordinate and daily mean counts in the non- 
coincident channel. These data show a clear upward trend in counts from the non-coincident 
proton detector. This upward trend is due to the variation in the GCR flux due to solar 
activity. GCR fluxes are anti-correlated to solar activity due to the magnetic shielding the 
heliosphere affords the solar system. Therefore, as solar minimum progresses the flux of 
GCRs increases. CREME-86 predicts an increase of -20% in solar proton flux from 2006 to 
2008, compared to -25% for the daily mean counts in Figure 5-2. 
Merlin Daily Mean Non-coincident Proton Counts For L>8 For First 880 Days Of Data 
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Figure 5-2 - Daily Merlin Non-Coincident Proton Counts From Beginning 2006 To End May 
2008 For Coordinates Where L>8, Showing An Upward Trend In Proton Flux 
5.1.1. Al pha Particle Environment 
As discussed in section 4.2.1.1, the CEDEX LET telescope is sensitive to alpha particles in a 
region of the spectrum initially thought to be dominated by protons. Figure 5-3 shows the 
daily mean alpha particle flux between 200 and 380 MeV compared to that predicted by the 
CREME-86 energy spectrum. Again, as with the data from Merlin, one region of significant 
enhancement can be seen. The measured flux and the CREME-86 predicted flux are a 
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combination of the alpha particle flux and a smaller contribution from protons for the 
majority of the period covered. However, during the large events in December 2006, the 
proton population becomes the dominant source of counts. Generally, the alpha particle 
population is a fair match to the CREME-86 prediction. The occasional small spikes in the 
data are due to SEUs in the CEDEX memory, causing large count rates to be registered for a 
single time interval, increasing the daily average. 
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Figure 5-3 -Daily Mean CEDEX Alpha Particle Fluxes From Beginning 2006 To End May 2008 
Showing One Significant Period Of Enhancement 
5.1.2. Solar Proton Events 
A series of solar proton events were observed in December 2006. These consisted of 4 
separate solar flares associated with active sunspot 930. This sunspot announced its presence 
with a strong X-9 class flare as it emerged over the Sun's eastern limb on 5'h December. X-6, 
X-3 and X- I flares followed on the 6`h, 11 "', and 13`'' December respectively, each with 
associated CMEs and, in turn, associated SPEs. These events were detected by the Merlin 
proton telescope, as shown in Figure 5-4. These data are compared to GOES-1 1 proton data 
from GEO [NOAH-07]. 
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Merlin >40 MeV compared to GOES-11 >50MeV Proton Fluxes for SPEs of December 2006 
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Figure 5-4 -December 2006 Solar Proton Events, As Measured By The Merlin Proton Telescope 
And GOES-11 In GEO 
5.1.3. Proton Fluence Compared To Solar Proton Models 
The period of study for the GLOVE-A data occurs at solar minimum and so models of solar 
proton fluence predict a zero total fluence for the mission. Clearly, this is not accurate, 
however solar minimum solar protons are considered rare enough to be disregarded 
compared to solar maximum. The series of SPEs in December 2006 allows a comparison of 
an active year of solar minimum to be compared to a range of predictions for a year at solar 
maximum. Proton fluence due to the SPEs and the total for the year of 2006 are shown 
compared to 50% and 95% confidence model predictions for JPL-91, ESP and a series of 
King settings in Table 5-1. Model predictions for no geomagnetic shielding and quiet time 
shielding are included. Since the Merlin proton data are only taken above L=8 to avoid 
electron contamination, an accurate prediction from the models would lie between these two 
figures. The flight data are interpolated to fill in regions where no flight data were available 
due to being in the electron belt or from periods of data loss. These data show that the total 
fluence encountered is of a similar order to that expected from a 50% confidence prediction 
from JPL-91 and ESP and actually exceeds the 50% confidence prediction from the King 
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model. The 50% confidence case can be considered a mean case for solar maximum and 
therefore the total proton fluence from these solar minimum events is of a similar magnitude 
to that seen at solar maximum. Significant SPEs are rare at solar minimum, however these 
data demonstrate that these events cannot be ruled out, as has been shown in previous studies 
[XAPS-04]. The 95% confidence predictions for all three models exceeds the total fluence 
measured by Merlin by an order of magnitude and therefore a long term mission including 
parts of solar minimum and solar maximum would be designed to these levels of proton 
fluence, with a year equivalent to 2006 having little impact on the safety margins applied. 
However, shorter-term missions at solar minimum, such as GIOVE-A, would normally 
expect zero proton fluence from model predictions. It may therefore be prudent to develop a 
solar minimum version of these solar proton models, or alternatively to factor in a one year 
50% confidence solar proton fluence to the design of spacecraft operating at solar minimum 
as a precaution. 
Integral Fluence/cm` 
No Geomagnetic Quiet-Time Geomagnetic 
Shielding Shielding 
Data Source 95% con. 50% con. 95% con. 50% con. 
JPL-91 4.3x109 3.1x108 3.5x109 2.5x108 
King (Burrell Statistics -Mean 5.4x109 3.5x107 4.4x109 2.9x10' 
case) 
King (1 Ordinary Event) 1.2x107 1.2x107 9.5X106 9.5x 106 
King (4 Ordinary Events) 4.6x107 4.6x107 3.8x107 3.8x107 
ESP 4.6x109 1.8x108 3.8x109 1.5x108 
Flare Time only Total for Year 
2006 Flight Data 2.90x108 4.08x108 
Table 5-1 -Table Of Solar Proton Model Predictions 
For Solar Max Compared To Proton 
Fluence Data From Merlin For 2006,95 % And 50 % Confidences Are Shown 
5.2. LET Environment 
The LET spectrum is measured by both CEDEX and Merlin. Issues with Merlin channel 
assignments have rendered these data temporarily unusable. The CEDEX data however are 
of good quality and the mean LET spectrum is shown in Figure 5-5 for January to November 
2006 compared to CREME86 M=3 (90% worst case cosmic ray level) predictions for the 
GIOVE-A orbit, incorporating geomagnetic shielding. Fluxes are shown for coincident 
measurements using the modified Geometric Factor determined in, 3.2.2, as well as a flux 
determined from all particle strikes over 4n. Statistical errors lie within the data markers. 
These data show good agreement with the model predictions, noting the large log scale on 
the y-axis. The three lowest LET measurements for the combined coincident and non- 
coincident measurements are contaminated due to EMC issues and so should be disregarded. 
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The occasional high flux points in the high LET data are due to SEUs in the CEDEX 
RAMDISK increasing the mean value at these points. Fair agreement can be seen up to the 
Fe peak at a LET of -120OMeVcm 
2g', as is shown by the ratio of flight data to model 
predictions in Figure 5-6. These data show a ratio less than a factor of two different up to 
around I20OMeVcm'g with the match between flight data and model predictions becoming 
much poorer with increasing LET. At higher LETs, the combined 4n flux measurement is a 
better match to the model predictions due to the larger number of particle counts in these 
data. Neither dataset appears to identify the Fe peak. A peak can be seen in the data for the 
coincident counts at _90OMeVcm 2g 1, however this is likely a statistical artefact rather than 
a true peak in the data. 
CEDýX LET Spectra For January To November 2006 Compared To CREME86 Predictions 
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Figure 5-5 -CEDEX LET Spectrum For 2006 Quiet Time Compared To CREME-86 Model 
Predictions 
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Figure 5-6 -Ratio Of CEDEX LET Spectra To CREME-86 Model Predictions For 2006 Quiet 
Time 
5.2.1.1. Solar Proton Events 
The SPEs of December 2006 enhanced the LET spectra encountered by GLOVE-A. The flare 
time measurements are shown in Figure 5-7 and Figure 5-8 for the two periods of increased 
proton flux for 5/12 to 10/12 and 13/12 to 15/12 respectively. Statistically reliable data are 
difficult to derive for higher LETs due to the relatively short duration of the event and the 
few particle strikes occurring in this time. This is particularly true for the coincident particle 
strikes. These plots show the CEDEX flight data compared to CREME-86 model predictions 
for M=3, M=5 and M=7, as described in Table 2-3-1. Due to the comparatively greater 
enhancement in proton and alpha particle fluxes the regions of the LET spectrum, which 
would under quiet conditions be dominated by heavy ions from Li to Ti, are dominated by 
the high LET end of the proton and alpha distributions during the SPEs. Error bars are within 
markers at low LETs and are up to 100% at higher LETs, too show these high LET errors 
retracts from the clarity of these plots. 
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Figure 5-7 - CEDEX LET Spectrum For 5/12/2006 To 10/12/2006 Flare Time From CEDEX 
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Figure 5-8 - CEDEX LET Spectrum For 13/12/2006 To 15/12/2006 Flare Time From CEDEX 
Compared To CREME-86 Predictions 
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The CEDEX data from the SPEs are shown to be a good match to the M=5 CREME-86 
model for the peak ordinary flare flux, approaching the M=7 peak 10% worst-case flare flux 
in the LET region dominated by alpha particles. 
5.2.2. SEU Rates 
SEU rates were monitored for two devices onboard GIOVE-A, the CEDEX RAMDISK and 
the spacecraft OBC. 
5.2.2.1. CEDEX RAMDISK 
Data from the CEDEX particle telescope consists of three 512 channel registers for each 
sampling period, one for coincident counts, one for non-coincident counts and one a bank of 
zeros. This last register is used as an SEU monitor as a bit flip in this section of memory is 
easily identifiable. SEUs can then be counted in the rapid wash period of 75s of the CEDEX 
sampling. The bank constitutes 8K of memory. The CEDEX unit uses an ISSI 61C1024 
SRAM with 8 modules of 128K as the RAMDISK. This device uses CMOS 0.5µm 
technology. Heavy ion and proton test data for this device exists allowing for predictions to 
be made on the SEU rates expected [POIV-98]. 
Utilising the SEU rate utility of SPENVIS, the SEU rates for a device can be estimated, 
given SEU cross sections from test data for a range of LETs for heavy ions and energies of 
protons, as well as the feature size of the device. These data were available for this device 
and is listed in Appendix B. CREME-86 M=3 (90% worst case GCR flux) predictions were 
used to determine the LET spectrum the device was exposed to over the mission life. The 
short period of enhancement due to SPEs in December had little impact on the total SEU 
count however M=1 and M=5 CREME86 predictions were also investigated. The RAM 
device was assumed to be behind Icm Al equivalent, equal to the thickness of the upper facet 
of the CEDEX unit. SEU expected and actual SEU rates are shown Table 5-2. Here it can be 
seen that the expected rate from the CREME-86 LET spectra of M=3 is a fairly close match 
to the rates seen on orbit. Only 11 SEUs were observed for the period of study and so 
statistical errors in the SEU rate are -30%. For the nominal M= 3 case it can be seen that 
approximately half of the SEUs encountered are due to heavy ions and half due to proton 
induced nuclear reactions. 
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CREM E-86 Predicted Rates 
Source 
M=1 
(bit"' day") 
M=3 
(bit' day") 
M=5 
(bit' day'') 
Flight rates 
(bit"' day') 
Direct Ionisation 2.50x 10-7 4.11 x 10-7 7.08x 10-7 N/A 
Proton Nuclear Reactions 2.67x 10"7 4.39x 10"7 1.93 x 10-6 N/A 
Total 5.17x 10-' 8.50x 10-7 2.64x 10-6 1.39x 10-6 (± 0.41 x 10-6) 
Table 5-2 - SEU Predicted Rates Compared To Flight Rates For The CEDEX RAMDISK 
5.2.2.2. GIOVE-A OBC 
GIOVE-A uses a standard SSTL OBC-386 [SSTL-01). The GIOVE-A OBC uses an Intel 
386EX processor with a 32Mbyte Ramdisk. The memory consists of 8x 4M Samsung 
K6X4008C1F-VF55 devices each with a capacity of 512k x8 bits. The OBC memory is 
protected by an extended Reed-Solomon code (252,256). The memory is washed 
approximately daily on average and SEUs are hence detected and corrected. A number of 
SEUs were detected over nominal mission life with SEUs per wash shown in Figure 5-9. The 
SEUs detected during the December 2006 SPEs can be seen to be an order magnitude more 
frequent than at the quiet time. A total of 4335 SEUs were detected in the 974 days of data 
resulting in an average rate of 1.323x 10-7 bit 'day"', an order of magnitude less than observed 
with CEDEX. No test data are available for this device and so no conclusions can be drawn 
from the rate observed. 
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Figure 5-9 SEUs Encountered Per Approximately Daily Wash Of The GIOVE-A OBC. 
It is not possible to determine where in the orbit SEU rates are greatest as the wash rate is 
such that the data have a resolution of -2 orbits and so the SEUs could have occurred 
anywhere along the GIOVE-A ground track. 
5.3. Charging Environment 
The Merlin instrument was switched on shortly after launch and began monitoring the 
charging environment. The transit of the spacecraft through the radiation belts is clear in the 
data, as can be seen in Figure 5-10 and Figure 5-11. As would be expected, charging currents 
are only being generated inside the outer radiation belt. All three channels show a good 
signal to noise ratio presenting clean signals. The two figures show the belt becoming more 
severe at lower L-shells, however the shape of the belt passage varies between a single peak, 
Figure 5-10, and a double peak, Figure 5-11. 
The double peak seen is due to the orbit cutting different portions of the radiation belt. 
Depending on the state of the belt at the time, the circular orbit of GIOVE-A can take the 
spacecraft through different portions of the radiation belt. If the centre of the belt is at a 
higher altitude, the orbit will take the spacecraft through higher, then lower, then higher 
again flux intensities as shown in Figure 5-12. At other times, the centre belt can be lower, 
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thus GLOVE-A passes through the centre itself or above it. Nevertheless, the peak in the 
charging and ionisation currents arises around the lower L-shells, as would be expected as 
these points lie on the magnetic equator, within the radiation belt. 
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Figure 5-10 -SURF Charging Current Flight Data Showing Radiation Belt Passages For 27th 
March 2006 
0.4 
0.3 
E 
U 
0- 
0.2 
U 
rn 
rn 
m 
U 
0.1 
- -zz 5' 
w 
a) 
J 
Figure 5-11 -SURF Charging Current Flight Data Showing Radiation Belt Passages For 21st 
February 2006 
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Figure 5-12 - Diagram Demonstrating The Passage Of A Circular Orbit Through Variable Flux 
Intensities, Giving Rise To The Double Peak Observed In Belt Passage Data. Note That The 
Flux Distribution Varies, Rather Than The Altitude Of The Orbit. 
The charging current as measured by SURF was found to be very variable. This variability is 
due to the dynamic nature of the radiation belts as shown in Figure 5-13. Here, flight data for 
the first 880 days since the start of data collection is shown to the end of May 2008. It can be 
seen that the charging current varies by orders of magnitude in a matter of days as the 
radiation belt is enhanced. The highest charging currents observed were reached around the 
SPEs of December 2006 due to an enhancement linked to these events, with charging 
currents reaching levels of 1.2pA cm 2. Similar levels were reached previously in April 2006 
caused by a particularly strong enhancement, reaching levels of 1 pAcM-2 . No charging 
currents exceeding 1 pAcm 2 since the end of 2006 were observed, although the environment 
remained highly variable with large enhancements occurring throughout this time. The 
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enhancements observed in the data are due to the action of the solar wind on the 
magnetosphere. Significant increases in the velocity and/or density of the solar wind trigger 
magnetic storms, enhancing the belt, as addressed in section 2.2.3. Coronal holes trigger 
these enhanced solar wind streams and are therefore responsible for the enhancements seen 
in the environment, aside from those triggered by SPEs in December 2006. Figure 5-14 
shows charging currents for the first 200 days of 2006 compared to solar wind velocity data 
from the SWEPAM instrument onboard the ACE spacecraft [NOAA-08]. This verifies that 
the enhancements are indeed triggered by changes in the solar wind. 
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Figure 5-13 -SURF Charging Current Flight Data From End 12/2005 To End 05/2008 For 
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125 
Charging Currents For Upper SURF Plate For Early 2006 
Compared To ACE Solar Wind Velocity 
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Figure 5-14 -SURF Charging Current Flight Data For First 200 days Of 2006 For 4.5<L<5 RF; 
Compared To ACE SWEPAM Solar Wind Velocity Measurements 
A periodicity can be seen in the incidence of the enhancements in the SURF charging 
currents. This is particularly clear in the first half of 2006. Here, a single coronal hole on the 
Sun was persistent for a number of months. For each solar rotation, this feature was brought 
round to act on the Earth's magnetosphere. The period in the data then is that of the solar 
synodic rotation, quoted in the literature as 27.275 days [BART-32]. A fourier analysis of 
880 days of daily mean charging currents was performed to confirm the -27 day periodicity. 
Daily currents were used to eliminate problems associated with missing data and the much 
stronger orbital period related periodicity. Figure 5-15 shows a periogram produced from the 
fourier transform. This shows there is a clear periodicity at 26.7 days, the closest data point 
to the 27.275 days of the solar rotation available from this analysis. This analysis uses the 
entire period of 880 days of data and therefore combines a number of different coronal holes, 
though each was persistent for a number of months. 
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Figure 5-15 -Periodogram Of Daily Mean SURF Charging Currents Compared To ACE 
SWEPAM Solar Wind Velocity Showing -27 Day Periodicity 
5.3.1. Geographical Distribution 
Figure 5-16 shows data from the upper SURF plate plotted geographically. Data from the 
first 880 days were binned into 2° x 2° longitude/latitude regions and averaged producing a 
mission mean geographical plot. This shows clearly the geographical distribution of the 
radiation belt at the GLOVE-A altitude. Occasional points in the data with particularly high 
or low charging currents are due to having little data for these specific coordinates. In 
addition, the banding seen in the latitude is due to the spacecraft passing through the 
radiation belts at approximately constant longitude as can be seen from the plot of the 
spacecraft ground track in Figure 2-9 and are due to time variability rather than spatial 
variability. There is a faint indication of the belt being more severe closer to the edges and 
less severe in between. This would be expected from the location of the GIOVE-A orbit just 
below the peak in the radiation belt, manifesting as a double peak in time series data. 
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Figure 5-16 -Geographical Plot Of Mean Upper SURF Plate Charging Currents For First 880 
Days Of Data 
The predicted AE-8 >0.8MeV integral electron flux is shown in Figure 5-17 for the GIOVE- 
A altitude of 23,256km. These data show a good empirical match to the data from SURF, 
demonstrating the correct placement of the radiation belt in the model. 
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Figure 5-17 -Geographical Plot Of AE-8 MIN Predicted >0.8MeV Integral Electron Flux At 
23,256km[SPEN-07]. 
5.3.2. Hardening Of The Electron Environment 
By comparing the SURF channels to one another, variation in the spectrum of the trapped 
electron population can be studied. The ratio of the upper and middle SURF plates and that 
of the middle and lower plates are shown in Figure 5-18. This data shows that in the days 
following an enhancement event, the charging currents at greater shielding depths are greater 
relative to time of the event. This means that the electron energy spectrum becomes harder as 
an enhancement of the outer radiation belt progresses as the electrons in the belt are 
accelerated. The action of a magnetic storm initially causes a loss of electrons from the belt 
before a gradual acceleration of the electron population takes place. Lower energy electrons 
in the hundreds keV range are recovered almost immediately through injection into the belt 
from the tail region of the magnetosphere [SICA-06b]. As the acceleration of the electrons 
continues, higher energy electron fluxes increase, relative to the lower energy fluxes. The 
electron population may then be drained again by another magnetic storm, repeating the 
cycle. This gradual acceleration accounts for the increase in the higher energy electron 
population relative to the lower energy population after enhancements in the radiation belt as 
observed with SURF. 
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5.3.3. Comparison Of Flight Data To Models 
Charging current data from SURF was compared to the AE-8 and FLUMIC environment 
models. This was done at both the peak of the radiation belt and over the complete orbit. The 
energy range the SURF plates are sensitive to extends below the energy range considered by 
the CRRESELE model and so a comparison of SURF data to it is not appropriate. 
5.3.3.1. AE-8 
The Merlin SURF plates were modelled using GRAS and DICTAT in order to compare 
charging currents seen on orbit to those expected from model predictions. Model predictions 
for areas within the peak of the belt, 4.5<L<5, are taken for comparison. Model particle 
fluxes for these intervals are taken from SPENVIS predictions of fluxes along the GIOVE-A 
orbit, weighted by the fraction of the orbit spent at each L-shell, giving a total average flux 
expected between 4.5<L<5. Mean charging currents for 2006,2007 and 2008 are shown 
compared to GRAS and DICTAT model predictions in Figure 5-19 and Table 5-3 
Figure 5-19 and Table 5 show the daily mean charging current encountered by the Merlin 
SURF plates compared to AE-8 model predictions for GRAS and DICTAT modelling. These 
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data are taken only at the peak of the belt as encountered by GLOVE-A between 4.5<L<5. 
Figure 5-20 and Table 5-4 show data for the full orbit averages, again compared to AE-8 
predictions for the full orbit. 
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Figure 5-19 -SURF Mean Charging Current Flight Data For 4.5<L<5 RE Compared To AE-8 
Predictions 
Al Shielding AE-8 MIN Model Predictions/pAcm-` Measured Mean Charging 
Depth/mm Current/ Acm` 
GRAS- GRAS- 
Fluence Dose All 2006 2007 2008 
Module Module DICTAT 3% err 5% err 5% err 8% err 
0.1030 0.0838 
0.5 (±0. (044) (±0.0110) 0.0662 0.0998 0.1200 0.0801 0.0980 
0.0558 0.0284 
1 (±{). 0019) (±0.0052) 0.0214 0.0373 0.0433 0.0299 0.0407 
0.0312 0.0204 
1.5 (±0.0015) (±0.0043) 0.0148 0.0291 0.0320 0.0237 0.0354 
Table 5-3 -Table Of SURF Mean Charging Current 
Flight Data For 4.5<L<5 RH; Compared To 
AE-8 Predictions 
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Figure 5-20 -SURF Mean Charging Current Flight Data For Full Orbit Compared To AE-8 
Predictions 
Al Shielding AE-8 MIN Model Predictions/pAcm-` Measured Mean Charging 
Depth/mm Current/ Acm` 
GRAS- GRAS- 
Fluence Dose All 2006 2007 2008 
Module Module DICTAT 3% err 5% err 5% err 8% err 
0.0443 0.0345 
0.5 (±0.0015) (±0.0052) 0.0266 0.0336 0.0379 0.0301 0.0321 
0.0225 0.0107 
1 (±0.0010) (±0.0020) 0.0077 0.0111 0.0127 0.0096 0.011 
0.0113 0.0072 
1.5 (±0.0005) (±0.0014) 0.005 0.0082 0.0085 0.0074 0.0092 
Table 5-4 -Table Of SURF Mean 
Charging Current Flight Data For Full Orbit Compared To 
AE-8 MIN Predictions 
These data show the variability of the charging currents from year to year, both in absolute 
terms. and spectrally. Whilst 2006 had greater mean charging currents than 2008 at lower 
shielding depths, the I. 5mm Al shielded plate showed a greater charging current in 2008 
than 2(X)6, suggesting more higher energy electrons were present in the environment in 2008 
than 2006. 
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Data from the peak of the radiation belt show that the mean charging currents lie above those 
estimated from AE-8 MIN using the GRAS dose module. Data from the relatively quiet year 
of 2007 however shows a good match to these predictions. Estimates based on modelling 
with the GRAS fluence module show a good match to the upper and lower plates charging 
currents, whereas the charging current from middle plate is somewhat over predicted. 
Data from the full orbit show an excellent agreement between the mean measured charging 
currents and those expected from AE-8 using the GRAS dose module, with those from the 
fluence module over-predicting. This further validates the assumption that the GRAS dose 
module is in fact correct, rather than the fluence module. Considering the difference in the 
match to the AE-8 model at the peak of the belt and for the full orbit, these data indicate the 
L-shell dependence of the electron flux is not correct in the AE-8 model. 
To further investigate this result, the SURF data were binned according to L-shell and 
compared to AE-8 predictions for fluxes at particular L-shells (binned between L ±0.05) 
using the GRAS dose module model. These results, as shown in Figure 5-21, demonstrate a 
good match along L-shells between the SURF flight data and AE-8 model predictions. The 
models seem to under-predict at lower L-shells as shown in Figure 5-19, but over predict at 
L>5.75. This discrepancy could be partially due to a poor match between L-shell coordinates 
for the model prediction and flight data, since AE-8 uses the Jensen and Cain model, 
whereas the GIOVE-A coordinate data uses IGRF and Olsen Pfitzer Quiet. Generally 
however, model predictions and flight data lie close to or within bars due to statistical errors. 
Further, all data lie within the quoted AE-8 error margin of a factor of two. 
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Figure 5-21 -SURF Mean Charging Current Flight Data From End 12/2005 To End 05/2008 
Binned According To L-Shell Compared With GRAS Dose Module AE-8 Predictions 
5.3.3.2. FLUMIC 
The flight data are also compared to GRAS predictions using a FLUMIC spectrum. These 
predictions were derived in the same fashion as the AE-8 predictions, however since 
FLUMIC is a time variable model, a flux is modelled for the ls` of every month for the 
GLOVE-A orbit. The peak measured charging current is compared to the peak FLUM[C 
predicted charging current using the GRAS dose module in Figure 5-22. Comparisons of 
daily mean FLUMIC predictions and daily mean flight data are shown in Figure 5-23. These 
data show that generally, the charging currents observed are substantially below FLUMIC 
predictions for both the mean case and the peak case. The data contain two periods where 
this was not the case and the measured charging current exceeded FLUMIC limits. These 
occurred during December 2006 and December 2007, where the annual variation in the 
model produces a particularly low flux. The first of these events in December 2006 exceeded 
model predictions for all three plates for a series of days. This event was however triggered 
by a SPE and so is not a normal occurrence. These events are taken into account by a 
suppliment to FLUMIC to cover rare Anomalously Large Events (ALEs). Predictions with 
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this suppliment would lie an order of magnitude above the highest normal FLUMIC 
predictions and so exceeds the magnitude of this event. The second event occurred during a 
CIR associated enhancement, with the charging current on all three plates marginally 
exceeding the FLUMIC predictions. 
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Despite these two exceptions, the worst case charging current seems to be modelled well by 
FLUMIC, noting that any spacecraft designed to operate for more than one year would be 
designed to the most severe environment expected, i. e.: those around the equinoxes, and 
therefore worst case charging currents from FLUMIC would be taken at these times. For 
GLOVE-A, these predicted worst case charging currents exceed those observed on orbit. 
5.3.4. Comparison To Dst Index 
SURF Charging Currents Compared To Dst Index For 2006-2007 For 4.5<L<5 
Figure 5-24 shows the correlation between the charging current encountered, and therefore 
the activity of the radiation belt, and the Dst index for the first two years of data. The Dst 
index is a measure of the disturbance of the magnetic field due to the external magnetic field 
generated by the motion of the trapped particle population and so it would be expected that 
these data should be closely correlated. This presents further verification that the 
measurements obtained from the instruments on board GIOVE-A are a true reflection of the 
variability of the outer radiation belt. 
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Figure 5-24 -SURF Upper Plate Mean Charging Current For 4.5<L<5 Compared To Dst Index 
For 2006 And 2007 
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5.3.5. Comparison Of Flight Data To INTEGRAL/IREM Data 
The INTEGRAL spacecraft is in a HEO that takes the spacecraft through the same 
environment as that sampled by GIOVE-A. INTEGRAL carries an SREM instrument, 
developed by PSI, named IREM (INTEGRAL Radiation Environment Monitor). This allows 
a comparison of the two data sets in order to help verify the results obtained. IREM has three 
channels sensitive to electrons: TC 1, TC 2, TC 3, senstive to electrons with energies 
>2MeV, >2.8MeV and >0.8MeV respectively. 
Data from IREM covering the nominal mission lifetime of GLOVE-A was available, as well 
as that going back to the launch of INTEGRAL in 2002. These data are supplied with the the 
L-shell of each data point supplied. The flux at each point with 4.5<L<5 was determined 
using a simple conversion factor as shown in Table 2-5-1. The TC 3 channel is sensitive to 
>0.8MeV electrons, the peak of the response of the upper SURF plate. Therefore, the 
integral flux as measured by IREM was used to scale the AE-8 prediction of the charging 
current based on the equivalent integral flux prediction. This then assumes the AE-8 
spectrum to be approximately correct, with the IREM data acting as a modulater. Figure 5-25 
shows the first 880 days of daily mean charging currents from the upper SURF plate 
compared to predicted charging currents from the IREM modulated predictions for 4.5<L<5. 
Clearly there is a very good match in terms of time as would be expected, as well as a fairly 
good match in terms of magnitude of the enhancements, particularly for 2006. 
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IREM Derived Charging Currents Compared To SURF Flight Data For 4.5<L<5 
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Figure 5-25 - Daily Mean SURF Upper Plate Charging Current Compared To IREM >0.8MeV 
Integral Electron Flux Derived Charging Current For 4.5<L<5 For First 880 Days Of GIOVE-A 
Data 
5.3.5.1. Long Term INTEGRAL/IREM Data 
As mentioned, IREM data are available from October 2002 and so a longer term data set 
than that from GLOVE-A on the environment is available for study. Figure 5-26 shows the 
TC3 >0.8MeV electron flux as measured by IREM for the beginning of 2003 to the end of 
May 2(X)8 with yearly mean fluxes shown in Table 5-5. These data show that there was a 
degree of variability from year to year over the declining phase of the last solar cycle, 
however the mean flux varied by less than 25% with 2005 being the most severe and 2004 
being the least. It can also he seen that 2006 and 2007 were typical years for the declining 
phase of this solar cycle. 
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Figure 5-26 -1 REM >0.8MeV Integral Electron Flux For 4.5<L<5 For 2003-2008. 
Year Mean 4.5<L<5 >0.8MeV Electron Flux/cm-2s-l 
2(X)3 5.33x106 
2(X)4 4.15x106 
2(x)5 5.54x106 
2(x)6 5.37x106 
2(x)7 5.23x106 
Table 5-5 - Yearly Mean IREM TC3 >0.8MeV Integral Electron Flux Measurements 
5.4. Dose Environment 
The Total Ionising Dose environment is measured by both the CEDEX dose rate diodes and 
the Merlin RADFETs. CEDEX measures dose rates whereas Merlin measures accumulated 
dose. 
5.4.1. CEDEX Dose Rate Diodes 
The Dose rate diodes, whilst sensitive to all ionising radiation, only receive 
measurable dose rates within the radiation belt and these are therefore primarily due to 
electrons. The belt passages show the same general form as with SURF, as shown in Figure 
5-27. matching the form of the charging currents seen at the same time in Figure 5-10. 
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Figure 5-27 -('FIWX Dose Rate Diode Ionisation Current, Showing Radiation Belt Passages 
For 27 `h March 2006 
The data frone the CEDEX Dose rate diodes retains a significant amount of noise. This is 
largely removed from the processed data by a smoothing algorithm. In addition to this noise, 
the data contains a residual thermal response. This dominates the response of the Copper 
shielded diodes. They do however detect particularly severe events. During the large belt 
enhancement of April 2(X)6, the 2mm Al shielded diode saturated at 410pA, equivalent to a 
dose of 54mrad(Si)s', on a number of consecutive belt passages as shown in Figure 5-28. 
Comparing dose rates in the 2mm Al shielded diode to that of the 4mm Al shielded diode 
implies the true dose rate received in this period peaked around -200mrad(Si)s-1. The event 
in April was the most severe event encountered by the CEDEX dose rate diodes, the 
December 2(X)6 SPE associated event whilst more intense in terms of Merlin SURF charging 
currents registered lower dose rates than the April event, though doses were still sufficient to 
saturate the 2mm Al shielded diode. The exact point of saturation can vary by -v2mrad(Si)s-' 
due to an offset due to the thermal response of the diode, observable in Figure 5-28 as a 
small variation in magnitude at the point of saturation. 
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Figure 5-28 -('EIWX Dose Rate Diode Ionisation Current, Showing Radiation Belt Passages 
For 16`h April 2006 
Long-term dose rates its shown in Figure 5-29and Figure 5-30 varied greatly over the course 
of the mission life, in line with variations in the intensity of the radiation belt as seen in data 
from the SURF charging currents. All diodes register variations in the belts, however as 
stated, the Copper shielded diodes only register large increases in dose due to residual 
thermal responses. Dose rates can be seen to vary drastically in the course of a few days, in 
the case of the 2mm Al shielded diode, from sub-threshold - i. e.: less than 2mrad(Si)s-' 
(<7.2rad(Si)hr') - to saturation at 54mrad(Si)s-', potentially reaching -200mrad(Si)s-1 
(720rad(Si)hr') for short periods. 
141 
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Figure 5-29 -CEDEX Dose Rate Diode Flight Data From End 12/2005 To End 05/2008 For 
4.5<L<5 RE 
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Figure 5-30 -CEDER 
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Days Since Start Of Data Collection 
5.4.1.1. Comparison Of Flight Data To Models 
The energy range the CEDEX dose rate diodes are sensitive to allows their data to be 
cmpared to AE-8, CRRESELE and FLUMIC. The residual thermal response of the diodes 
makes it difficult to extract the current due to ionising dose rate, particularly for the greater 
shielded diodes where the current due to radiation is substantially smaller than in the lesser 
shielded diodes. Therefore, good comparisons can be made only at the peak of the radiation 
belt, for 4.5<L<5, therby reducing the proportion of the data where there is no radiation 
induced current. 
5.4.1.1.1. AE-8 
The CEDEX dose rate diodes were modelled using GRAS as described in 4.2.1.2.2. Figure 
5-31 and Table 5-6 show a comparison of AE-8 model predictions from 3-D GRAS analysis 
compared to average flight data between 4.5<L<5 for the years 2006,2007 and 2008. It can 
be seen that there is a fair degree of variability from year to year in the flight data. 
At 4.5<L<5, the peak of the radiation belt as seen by GIOVE-A, AE-8 predictions are a good 
match to flight data for the 4mm Al shielded diode, despite the variability of the radiation 
belt. Mean dose rates for the 2mm Al shielded diode however are lower than AE-8 
predictions by a factor -1.6. There is therefore a lower dose at 2mm Al shielding depth than 
would be expected from AE-8, this implies that on average there is a proportionally greater 
number of higher energy electrons than expected from AE-8 at the peak of the belt, although 
the integral flux itself is lower. Flight data from 2006 is a good match to the AE-8 model 
predictions for both the 2mm Al and 4mm Al shielded diodes. 
Predictions for the Copper shielded diodes are greater than the dose rates derived from flight 
data, however these are dominated by their residual thermal response and thus it is difficult 
to derive any conclusions from these data. Errors in flight data are the 2a, 95% bounds of 
diode data from outside of the radiation belt and are thus the errors in these data based on the 
variability added by the thermal response. The error on the 2mm Al shielded diode is 
conservatively taken to be the maximum error seen in the other three diodes, since outside of 
the belt, no signal is seen as the thermal variation lies below the threshold of this diode. 
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Figure 5-31 -CEDEX Mean Dose Rate Diode Flight Data From End 12/2005 To End 05/2008 
For 4.5<L<5 RE Compared To AE-8 MIN Model Predictions 
Al Shielding Measured Mean Dose Rate/mrad(Si)s GRAS AE-8 Model 
Depth/mm All 2006 2007 2008 Predictions/mrad(Si)s-' 
(error) (error) (error) (error) 
4.874 6.313 3.317 5.126 7.894 
2 (±0.489) (±0.391) (±0.535) (±0.558) (±0.85) 
1.102 1.179 0.832 1.611 1.144 
4 (±0.489) (±0.391) (±0.488) (±0.558) (±0.23) 
-0.019 0.070 -0.143 0.057 0.357 
6.5 (±0.444) (±0.301) (±0.535) (±0.224) (±0.148) 
-0.108 0.052 -0.239 -0.204 0.336 
13 (±0.398) (±0.281) (±0.4008) (±0.2708) (±0.127) 
Table 5-6 -Table Of CEDEX Mean Dose Rate Diode Flight Data From End 12/2005 To End 
05/2008 For 4.5<L<5 Rh; Compared To AE-8 MIN Model Predictions 
Dose rates as measured by CEDEX are also compared to full orbit predicted rates in Table 
5-7. Clearly, the actual dose rates are dwarfed by the residual thermal response for the 4mm 
Al shielded diodes, making it difficult to draw any conclusions from these data. The 2mm Al 
shielded diode however shows a dose rate less than half of that expected from AE-8 MIN 
predictions. 
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Al Shielding Measured Mean Dose Rate/ mrad (Si)s- GRAS AE-8 Model 
Depth/mm All 2006 2007 2008 Predictions/ 
(error) (error) (error) (error) mrad(Si)s-' 
2 1.076 1.210 0.812 1.249 2.503 
(±0.489) (±0.391) (±0.535) (±0.558) (±0.223) 
4 0.197 0.186 0.150 0.295 0.349 
(±0.489) (±0.391) (±0.488) (±0.558) (±0.081) 
Table 5-7 -Table Of CEDEX Mean Dose Rate Diode Flight Data From End 12/2005 To End 
05/2008 For Full Orbit Compared To AE-8 MIN Model Predictions 
The reason for the discrepancy between the electron environment as measured compared to 
AE-8 MIN between the SURF charging currents and the CEDEX dose rates is unclear. Data 
from SURF suggests a good match between the flight data and the environment for the full 
orbit with the 4.5<L<5 peak of the belt generating greater charging currents than model 
predictions. This is a similar result to the CEDEX dose rate data indicating a poorer match to 
the model for the full orbit, whilst the flight data are shifted upwards compared to AE-8 for 
the peak of the belt. Whilst the model seems to over-predict for the CEDEX dose rate diodes, 
the change relative to the AE-8 prediction from the peak of the belt and the full orbit is 
similar to the SURF data. 
There are a number of explanations for the absolute discrepancy. Firstly, CEDEX detects the 
electron population in a different way to the SURF monitor, registering dose rather the 
electrons directly. Therefore, an error in the way the electrons deposit energy into the diode 
within the Monte Carlo modelling may be to blame. Alternatively, the quality of the 
modelling itself may be responsible with significant statistical errors in the low energy, 
bremsstrahlung generated dose. The fashion of measurement of the CEDEX dose rate diode 
makes modelling of this instrument inherently less accurate than that for SURF, with 
secondary particles capable of depositing energy into the diodes potentially being generated 
though-out the model of the CEDEX unit, and indeed in the real FM, at very low energies. 
Despite this discrepancy however, the mean dose rates for the 2mm Al and 4mm Al shielded 
diodes within the belt lies within a factor two of the AE-8 MIN prediction, the quoted error 
margin in this model. For the full orbit, the 2mm Al shielded diode is within error margins 
for a factor of two difference to the model predictions. 
5.4.1.1.2. CRRESELE 
The dose rates from CEDEX were compared to the CRRESELE average case model. Whilst 
this model is designed for solar maximum, it does represent fairly recent data on the 
environment from a single spacecraft. The CRRESELE predictions were derived using the 
response functions from the GRAS monte carlo modelling used for the AE-8 comparison, 
combined with a CRRESELE energy spectrum obtained from SPENVIS for a typical 20 
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orbits. The expected dose rates from CRRESELE are shown in Figure 5-32 compared to 
flight data. It can be seen that the flight data for the aluminium shielded diodes is somewhat 
greater than the model predictions, with the copper shielded diodes dominated by their 
residual thermal response. The model predictions themselves are highly effected by 
statistical errors, with dose rates for the 4mm Cu shielded diode exceeding those of the 2mm 
Cu and 4mm Al shielded diodes. This is more severe than that seen in the AE-8 predictions 
due to the shape of the CRRESELE energy spectrum, dropping away from the AE-8 model 
in magnitude substanitially above 1MeV. Below this energy the GRAS model is statistically 
poor and so a rapid drop off in flux at higher energy constitutes a greater weighting to the 
lower energy, statistically poor region. 
Mean CEDEX Dose Rates for 4.5<L<5 Compared To CRRESELE Predictions 
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Figure 5-32 -CEDEX Mean Dose Rate Diode Flight Data From End 12/2005 To End 05/2008 
For 4.5<L<5 RE Compared To CRRESELE Model Predictions 
5.4.1.1.3. FLUMIC 
Peak Dose rates are compared to the worst case FLUMIC model in Figure 5-33 for the first 
880 days of data. The model predictions were obtained using the Monte Carlo modelling, 
combined with the FLUMIC predicted electron spectrum for the I" of every month for the 
GLOVE-A orbit. The peak flux predicted at each interval was used as the worst case 
prediction. 
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It can be seen that generally, the dose prediction is very much greater than the dose rate 
encountered on orbit, for both the 2mm and 4mm Al shielded diodes. However, the period of 
enhancement in December 2006 assocciated with SPEs exceeds the FLUMIC predictions for 
this period. This is the only time this occurred however and should be treated as an 
anomalous event. In any event, the dose rate at this time does not exceed the peak dose rate 
predicted by FLUMIC for the 880 days of data. It should be noted that the 2mm Al shielded 
diode saturated during a number of events, most significantly in April 2006, leading to a 
greater dose being encountered than that registered by the instrument. However, the dose rate 
from the 4mm Al shielded diode is still well with the FLUMIC prediction for this time. 
CEDEX Daily Peak Dose Rates Since Start Of Data Collection 
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Figure 5-33 -CEDEX Peak Dose Rate From 
Beginning 01/2006 To End 05/2008 Compared With 
GRAS FLUMIC Predictions 
5.4.1.2. Total Dose From CEDEX Dose Rate Diodes 
Since the CEDEX dose rate diodes monitor the environment with a rapid sampling frequency 
of 15s (initially 60s), it is possible to establish a total measured dose by integrating across the 
dataset obtained. This was done by simply summing across the data set, multiplying the dose 
rates by the interval between data points, up to a limit of 120 seconds. This allows for filling 
in the occasional gaps in the data, whilst ensuring that more prolonged data outages have a 
limited impact on the total dose. This method then produces a minimum total dose, with the 
4mm Al Shielded Diode 
2mm Al Shielded Diode 
4mm Al Shielded Diode FLUMIC Prediction 
2mm Al Shielded Diode FLUMIC Prediction 
147 
actual total dose encountered being a small amount greater due to prolonged data outages. In 
addition, the periods in which the 2mm Al diode became saturated will also underestimate 
the total dose as these periods are counted at rates of 52mrad(Si)s-', rather than the potential 
rates of >100mrad(Si)s'. 
This process was applied to the 2mm and 4mm Al shielded diodes, with the latter only 
counted for periods when the 2mm Al shielded diode detected a non-zero dose rate. This was 
done to reduce the impact of the residual thermal response on the derived total dose. 
Figure 5-34 shows the TID derived from the CEDEX dose rate diodes. It can be seen that the 
total dose is almost all accumulated during the belt enhancements, with -15krad(Si) 
accumulated as a result of individual enhancements in a short space of time for the 2mm Al 
shielded diode. Likewise, there are periods where very little dose is accumulated at all, for 
-100 days. 
The data show that the 2mm Al shielded diode has received a dose of at least 85krad(Si), 
whereas the 4mm Al shielded diode has received a dose of --15krad(Si). 
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Figure 5-34 -CEDEX Dose Rate Diode Derived TID From End 12/2005 To End 05/2008 
Figure 5-35 shows the daily ratio between the total doses accumulated in the 2mm and 41-nm 
Al shielded diodes, compared to the ratio in dose rates expected from the full orbit AE-8 
spectrum from Monte Carlo modelling. Whilst the ratio varies somewhat, the data clearly 
follow a linear relationship. The period in April 2006 when 2mm Al shielded diode saturated 
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manifests here as a region of increased gradient as the 2mm Al shielded diode registers less 
TID than it should. The flight data has a ratio of 17.2%, whereas that expected from AE-8 
using GRAS modelling has a ratio of 13.9%. Statistical errors in the modelling yield extreme 
ratios of 11.8% and 18.9%, covering the ratio seen in the flight data. Also shown in Figure 5- 
35 is the best linear fit to data, with saturation points removed. Data points where the dose 
rates exceed 50mrad(Si)s-' are excluded from the total dose count, yielding a ratio of 14.9%, 
somewhat closer to model predictions than the unmodified data. These data suggest the ratio 
in total dose observed from the CEDEX dose rate diodes is a fair match to the AE-8 spectral 
form. However, as can be seen from the dose rates in Figure 5-31, the magnitude of the total 
dose encountered is less than that predicted from GRAS modelling. 
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5.4.2. Merlin RADFETs 
The Merlin RADFETs have been accumulating dose since they were first subjected to 
significant radiation levels, shortly after launch. Since that time they have accumulated 
substantial total doses as shown in Figure 5-36 and Table 5-8. Due to the high doses they 
have encountered, the RADFETs began to fade in 2007. This has been partially corrected for 
in Figure 5-36 by only registering daily increases in dose. Increases in dose less than the 
" Daily Total Accumulated Dose Ratio 
Best Linear Fit "" 
Best Linear Fit- No Saturation 
GRAS AE-8 Predicted Ratio 
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thermal variation are therefore excluded in the latter part of the data set. It can be seen that a 
good deal of the total dose encountered by both RADFETs comes from times of enhanced 
belt activity, with correspondingly high dose rates. Of a total accumulated dose of 
34.5krad(SiO, ) in the 3mm Al +Z shielded RADFET, -9krad(SiO-, ) is deposited during the 
two large enhancements of 2006 in April and December in a matter of days of exposure, 
constituting -30% of the total dose between them. Despite the high degree of variability 
encountered, the 3mm Al +Z RADFET total dose is a very close match to AE-8 predictions 
from sectoring analysis from SSAT. The match is deceptively close from Table 5 when the 
variability that can be seen in Figure 5-36 is considered. However, the total dose measured 
by the 6mm Al +Z RADFET is -3 times greater than that expected from AE-8 predictions. 
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Figure 5-36 -Merlin RADFET TID From End 12/2005 To End 05/2008 Compared To Sectoring 
Analysis Using The AE-8 MIN Spectrum 
RADFET 
TID/krad 
(SiO') 
Fading 
Corrected/krad(SiO2) 
AE-8 Sectoring 
Anal sis/krad(SiO, ) 
AE-8 Monte 
Carl o/krad(Si0, ) 
3mm Al +Z 31.93 34.45 34.46 (±1.69) 30.68 (±11,13) 
6mm Al +Z 9.32 9.57 2.91(±0.08) 2.93 (±1.52) 
Table 5-8 -Table Of Merlin RADFET TID From End 12/2005 To End 05/2008 Compared To 
Sectoring Analysis Using The AE-8 MIN Spectrum 
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Figure 5-37 shows the ratio of the RADFET total doses, showing a linear relationship. This 
is compared to the SSAT AE-8 predicted ratio, showing a large discrepancy due to the 
higher than expected TID measured in the 6mm Al +Z RADFET. This result seems to 
indicate a harder spectrum than that expected from AE-8, however a number of factors must 
be considered. The model prediction is based on a sectoring analysis of the shielding 
encountered by the sensitive gate oxide of the RADFET. This analysis utilised 
SHIELDOSE-2 predictions, which models all materials as aluminium, adjusting shielding 
depths based on density. However, a number of high Z materials are found in the RADFET 
packaging, which have a different response to primary radiation, potentially enhancing the 
dose in devices around them due to secondary electrons and bremsstrahlung generation. This 
increase in dose could be in the order of 85%, partially explaining the discrepancy. However, 
this would also affect the 3mm Al +Z shielded RADFET, and would therefore mean the dose 
encountered here was less than the model predictions at this shielding depth. 
In addition to this, the RADFETs used in Merlin have been found to exhibit an ELDRS 
effect. Tests on NMRC (Tyndall) RADFETs using the Co-60 source at ESTEC demonstrated 
a factor two difference in the voltage threshold shift when irradiating at 11mrad(H20)s-1 and 
136mrad(H20)s '[RENA-04]. Whilst the dose rates encountered in the 6mm Al +Z shielded 
RADFET did not reach those used in these tests, the ELDRS effect would still be present, 
and so the true dose encountered may have been less than that suggested by the drift in the 
drain voltage of the RADFET. 
The TID results obtained from the CEDEX dose rate diodes in 5.4.1.2 indicated a closer 
match to the AE-8 spectral form than that from the Merlin RADFETs. In addition, data from 
the SURF charging currents showed a good match to the expected electron environment 
from the AE-8 MIN predictions. It is likely that an enhancement from the RADFET 
packaging, together with the ELDRS effect exhibited by the RADFETs, are responsible for 
the difference between the dose measured by the 6mm Al +Z RADFET to AE-8 predictions. 
Nevertheless, factoring in both these effects on the RADFETs would leave the true dose 
encountered within a factor two of the AE-8 model predictions, the quoted margin of error. 
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5.4.3. Implications Of Dose Environment For ELDRS 
The fact that approximately half the total dose accumulated in the 3mm Al +'!. shielded 
RADFET over short periods of time has implications for the use of bipolar technology. 
Whilst the mean dose rate encountered by the 3mm Al +Z RADFET was -- I. 5rad(SiO, )hr', 
effectively all the dose was deposited at higher rates, whilst the spacecraft was transiting the 
radiation belts, particularly during dose enhancements. These RADFETs have been shown to 
exhibit ELDRS effects and so can be considered a better reflection of the response of other 
device types which exhibit ELDRS in the MEO environment than it detector which does not 
show an ELDRS effect. 
The CEDEX dose rate diodes were exposed continually and a range of dose rates measured. 
The percentage of mission time at each dose rate is shown in Figure 5-38. Generally, there is 
a trend towards a lower percentage of mission time at higher dose rates. In other words, 
higher dose rates become decreasingly common. The peak at the high dose rate end of the 
data is due to saturation of the diode with any dose rates above this point counted at 
-54mrad(Si)s'. 
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CEDEX 2mm Al Shielded Diode Dose Rate Exposure 
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Figure 5-38 -CEDEX 2mm Al Shielded 
Diode Percentage Of Mission Time At Particular Dose 
Rates 
This data can be expressed as a cumulative exposure curve as shown in Figure 5-39. Here it 
can be seen that the 2mm Al shielded diode encountered 40% of its total dose at less than 
IOmrad(Si)s-' (36rad(Si)hr-'), typical dose rates for low dose rate testing, with the 4mm Al 
shielded diode receiving 95% of its dose at these rates. This suggests that current ELDRS 
testing is appropriate for higher shielding depths (>4mm Al) in the outer radiation belt, 
however, when dealing with less heavily shielded components (<2mm Al), a more varied 
testing regime may be appropriate making use of variable dose rates to better reflect the 
environment the components will be exposed to. Greater dose rates could be used for a 
portion of the testing, thus reducing testing time and costs. A variable dose-rate testing 
scenario has recently been shown to produce results differing from an average dose rate test, 
with a variable dose-rate test showing less degradation than would be obtained from an 
average dose rate test. This then suggests existing tests are rather conservative [HARR-08]. 
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Figure 5-39 -CEDEX 2mm Al Shielded Diode Cumulative Normalised Exposure Across Dose 
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5.4.4. Internal Currents 
A good measure of the damage caused by TID is the increase in the current used by devices 
due to the degradation of devices. Here, the limited telemetry available from GIOVE-A 
currents is presented. 
5.4.4.1. Interface Unit Internal Currents 
Much of the spacecraft current telemetry was lost due to the loss of the primary CAN bus 
early on in the mission in 2006. However, some internal current data are still available from 
the SSTL payload interface units. Figure 5-40 shows the internal currents from the CFI and 
RF payload interfaces from August 2007 onwards. It can be seen that there is little change in 
the currents aside from a small seasonal variation and a couple of power spikes in the CFI 
unit. This suggests the payload interface units functionality have been unaffected by TID. 
The exact shielding of the units is unknown, however the design of GLOVE-A called for 
units to be shielded to a depth of 6mm Al as standard. 
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Figure 5-40 - Internal Currents Of GIOVE-A Payload Interface Units From August 2007 
Showing No Radiation Effects 
5.4.4.2. CEDEX And Merlin Temperature Profiles 
No data are available for the current drawn by Merlin and CEDEX. However, since the 
power output is directly proportional to the current drawn and the power consumption is 
proportional to the temperature of the device, data from the CEDEX and Merlin temperature 
sensors can be used as a proxy of current draw to check whether there is a significant level of 
degradation due to TID effects. Figure 5-41 shows the temperature profiles of the CEDEX 
and Merlin unit from the beginning of 2006 to the end of May 2008. 
A high degree of variability can be seen, with CEDEX varying between -20°C to 40°C and 
Merlin between --21°C and --36°C. The periodicity and large short-term variability seen are 
due to the spacecraft entering eclipse. At these times, the path of the orbit takes the 
spacecraft into eclipse with the Earth between the Sun and the spacecraft, lowering the 
temperature of the spacecraft when it is in shadow. In addition to this, the instruments are 
thermally linked to the spacecraft so that when the navigational payloads are switched on, 
the temperature of the instruments will be increased. No clear increase in the temperature of 
the instruments is viable, although temperatures after day 250 are generally higher than 
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before, this is likely due to the navigational payloads being used spuriously at the beginning 
of the mission and only being permanently switched on later. Therefore, it seems that there is 
only a slight, if any change in the current consumption in the CEDEX and Merlin units. 
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Figure 5-41 - Temperature Profiles From GIOVE-A Radiation Payloads For 880 Days Of 
Nominal Mission Life 
5.5. Derived Electron Fluxes 
Electron fluxes can be derived from a number of sources for the MEO environment. The 
SURF plates are a pure electron monitor and so are used to derive fluxes, as well as the 
electron pulse pile-up effect in the Merlin Proton Telescope. Finally, data from the IREM 
instrument on INTEGRAL yields three integral flux measurements. 
5.5.1. SURF 
The data from SURF was used to derive a limited electron spectrum of the environment. 
Only SURF data are used as to de-convolve electron fluxes from dose measurements can be 
very complex since the energy deposited into the detectors can vary dependent on a number 
of factors. 
The SURF GRAS response curves were used to determine the energy ranges within which 
90% (between 5% and 95% cumulatively) of electrons are deposited. The median of the 
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distribution was then used to determine the energy consistent with a differential flux 
measurement and the lower 5% bound for an integral flux measurement. The Monte Carlo 
modelling of SURF was used to determine a conversion between charging current and 
integral or differential flux using a sample AE-8 spectrum and the respective fluxes, along 
with the GRAS predictions for that spectrum. The 5%, peak, median and 95% response 
points are shown in Table 5-9 for no energy spectrum, the AE-8 spectrum for 4.5<L<5 and 
the AE-8 spectrum for the entire orbit. It can be seen that there is little difference between 
the response curves incorporating the AE-8 spectrum, but a substantial difference with that 
determined without an energy spectra. This is due to the heavy weighting applied to the 
lower energy end of the response curve by the energy spectrum. 
Energy Spectra Shielding/mm Energy/ eV 
5% Bound 95% Bound Median Peak 
0.50 0.55 2.40 1.10 0.82 
No Spectra 1.00 0.87 2.97 1.47 1.19 
1.50 1.15 3.20 1.76 1.68 
0.50 0.45 1.42 0.73 0.70 
AE-8 Full Orbit 1.00 0.73 1.78 1.09 1.10 
1.50 0.96 1.98 1.40 1.40 
0.50 0.46 1.48 0.76 0.69 
AE-8 4.5<L<5 1.00 0.75 1.80 1.11 1.03 
1.50 0.98 1.99 1.42 1.38 
Table 5-9 - SURF 5%, Median Peak And 95% Response Points For Multiple Energy Spectra 
If AE-8 for the full orbit is assumed to be approximately correct, as indicated by charging 
current predictions in 5.3.3.1, a conversion factor can be applied to determine fluxes 
measured on orbit from SURF data. The full orbit spectrum is used due to the match with 
flight data found in Figure 5-20. Differential fluxes should be defined around the median of 
the response, which is also approximately the peak in the response, at 0.76MeV, 1.11 MeV 
and 1.42MeV. The differential fluxes at these energies in the AE-8 spectrum used to derive 
the response curves are then used as conversion factors, when combined with the expected 
charging currents, as shown in Table 5-10. 
Shielding/mm Energy/MeV 
AE-8 Flux/ 
CM-2 s'Mev' 
Predicted Charging 
Current/ Acm-2 
Conversion 
Factor 
0.5 0.76 4.64x 106 0.0345 1.35x 10' 
1 1.11 1.79x 106 0.0107 1.67x 10" 
1.5 1.42 9.53x 105 0.0072 1.32x 108 
Table 5-10 - SURF Differential Flux Conversion Factors Using The Full Orbit AE-8 Spectrum 
In addition, the measurements can be used for integral flux measurements using the 5% 
bound as the threshold energy. The flux occurring between the 5% and 95% bounds 
constitute -90% of the integral flux above the 5% bound and so it is fair to treat the SURF 
data as an integral flux measurement. Conversion factors are shown in Table 5-11. These 
157 
results have an approximate error of 25% due to the particles above the 95% bound and 
statistical errors in Monte Carlo modelling. 
Shielding/mm Energy/MeV 
AE-8 Flux/ 
cm-2s-1 
Predicted Charging 
Current/ Acm-2 
Conversion 
Factor 
0.5 0.46 4.05x106 0.0345 1.17x10' 
1 0.75 1.75x 106 0.0107 1.63x 108 
1.5 0.98 1.08x 106 0.0072 1.50x 108 
Table 5-11 - SURF Integral Flux Conversion Factors Using The Full Orbit AE-8 Spectrum 
5.5.2. Merlin Proton Telescope Pulse Pile-up 
The conversion factor determined in 4.2.2.2.4, is applied to flight data from the Merlin 
proton telescope between L-shells of 4.5 to 5 in Figure 5-42. Mean and peak derived 
>0.1 MeV fluxes are shown in Table 5-12 compared to the mean AE-8 >0.1 MeV integral 
electron flux for 4.5<L<5. 
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Figure 5-42 - >0.1MeV Electron Integral Flux From Pulse Pile-up In Merlin Proton Telescope 
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>O. IMeV Integral Flux/cm s Ratio to AE-8 MIN 
Prediction 
AE-8 Mean Proton Telescope Peak Proton Telescope 
Prediction Derived Derived Mean Peak 
3.33x107 3.03x107 (error -27%) 1.29x109 (error -27%) 0.91 38.83 
Table 5-12 - Mean And Peak >0.1MeV Electron Integral Flux From Pulse Pile-up In Merlin 
Proton Telescope Compared To Model Predictions 
It is clear that despite the crudeness of the modelling, a fair approximation of the mean flux 
has been derived. It should be noted that whilst the derived integral flux measurement is 
separate from the AE-8 model values, it was derived assuming the AE-8 spectral form to be 
approximately correct. 
5.5.3. INTEGRAL/IREM Data 
In addition to the comparison of charging currents expected from SURF, given IREM data 
shown in 5.3.5, a direct comparison can be performed with the SURF derived integral fluxes 
from 5.5.1 and the integral flux measurement derived from the Merlin Proton Telescope in 
5.5.2. The IREM data are provided with simple conversion factors from counts to integral 
flux measurements and only the errors in the data must be considered. The data used is from 
periods when the INTEGRAL spacecraft is in a similar region of space as GLOVE-A, 
between 4.5<L<5, from January Is' 2006 to 31s` May 2008, covering the 880 days of 
GIOVE-A data used in this research. The IREM electron data consist of measurements of 
integral flux at >0.8MeV, >2MeV and >2.8MeV, with errors of -20%, -50% and --90%. The 
later >2.8MeV channel is therefore of limited use due to the substantial error in the data. 
5.5.4. Combined Sources 
The three data sources covered above offer complementary data sets that can be combined 
into an energy spectrum of the environment for comparison with AE-8 predictions. Mean 
integral flux data for ls` January 2006 to 315` May 2008 from IREM and Merlin for 4.5<L<5 
are combined in Figure 5-43 and Table 5-13 and compared to AE-8 and CRRESELE mean 
flux predictions for the same region. These data show a derived spectrum somewhat greater 
than that from AE-8 MIN between -0.5MeV-2MeV and lower than AE-8 predictions for 
lower and higher energies. The errors on some data are substantial however and rely on a 
number of different derivations. Despite the disagreement of the flight data with the AE-8 
MIN prediction, the data do agree within the factor of two quoted as a margin for AE-8. The 
data are a better match to the AE-8 MAX model for the mid range energies from SURF and 
the lowest energy IREM channel, the four best quality data points. This region also shows a 
reasonable match to predictions from CRRESELE, another solar maximum model. The 
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CRRESELE predicted flux shows the same trend at higher energies, dropping away from the 
AE-K predictions, as that seen in the derived electron spectrum, although in the case of 
CRRESELE this occurs at lower energies and the drop is far more pronounced. 
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Figure 5-43 - Derived Integral Electron Fluxes For 880 Days Since The Start Of GIOVE-A 
Data Collection Compared To AE-8 And CRRESELE Predictions For 4.5<L<5 
Energy/MeV Derived Integral Flux/cm-2s-' 
Error AE-8 Prediction/cm- 
2s-' 
Ratio (Derived/AE-8 
MIN) 
0.1OMPT 3.03x107 27% 3.29x107 92.2% 
0.46 SURF 1.17x107 25% 9.33x106 125.6% 
0.75 SURF 6.10x106 25% 4.53x106 134.6% 
0.801REM 5.34x106 20% 4.07x106 131.3% 
o. 98 SURF 4.37x106 25% 2.81 x106 155.8% 
2.001REM 4.12x105 50% 3.75x105 110.0% 
2.80 IREM 3.73X1 04 90% 8.30x104 44.9% 
Table 5-13 - Derived Integral Electron Fluxes For 880 Days Since The Start Of GIOVE-A Data 
Collection Compared To AE-8 MIN Predictions For 4.5<L<5 
5.5.4.1. Comparison Of Fluxes To STRV-b Data 
The spectrum derived in the prior spectrum can be used to compare the environment to that 
experienced in the previous solar cycle by way of data from the REM instrument on STRV. 
STRV electron data from 1995 was obtained from SPENVIS and reduced to only include 
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data from 4.5<L<5. Figure 5-44 show the derived electron data compared to integral flux 
measurements from STRV at I MeV, and 2.2MeV. The STRV data are provided as 
differential flux measurements as covered in 2.5.2, however the energy ranges covered by 
these measurements are great enough to be converted to integral flux measurements. It can 
be seen that whilst the >2.2MeV data point is in line with both model predictions and the 
derived spectrum, the >I MeV point is significantly greater than that expected from AE-8 and 
the derived electron spectrum. This indicates that this year of the previous solar minimum 
was significantly more severe than that encountered during this solar cycle at energies 
around IMeV. This is in agreement with prior analysis of the complete STRV data set 
IDALY-991. This shows that whilst the data obtained from GLOVE-A and IREM seems to 
match models fairly well, the electron environment, even at solar minimum can vary 
substantially from cycle to cycle. 
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Figure 5-44 - Derived Integral Electron Spectrum For 880 Days Since The Start Of GIOVE-A 
Data Collection Compared To AE-8 Predictions And STRV Data For 1995 For 4.5<L<5 
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CHAPTER 6- CONCLUSIONS AND FUTURE WORK 
With the completion of this research, there are a number of conclusions that can be drawn 
from the results obtained, as well as identifying continuations for the research and new 
directions. 
6.1. Summary Of Conclusions 
This research has studied a range of radiation sources and effects in the MEO environment 
through the calibration and modelling of two novel space radiation monitors. 
6.1.1. Instrument Calibration And Modelling 
The CEDEX and Merlin instruments were both calibrated to varying degrees before the 
launch of GIOVE-A. Completion of calibration activities took place after launch in order to 
determine geometric factors and in the case of the CEDEX dose rate diodes, to quantify their 
response to ionising radiation. Calibration of the CEDEX dose rate diodes at REEF and prior 
experience with these photodiodes on FaSat-Bravo, determined an ionising dose rate 
sensitivity between 1-lOpA mrads'. This was improved to 7.6mrads' by comparison of the 
measurements from CEDEX to dose measured in REEF using TLDs. Thermal calibrations 
for the CEDEX dose rate diodes were determined through analysis of on orbit data, since 
ground testing demonstrated the thermal response of the diode chains to not be consistent 
with one another. Geometric factors were determined for both the CEDEX and Merlin 
particle telescopes, however that determined for CEDEX was not consistent with data 
observed on orbit. This suggests an error in the detection chain in this instrument and a 
modified geometric factor was applied to eliminate this discrepancy. 
Modelling of these instruments allowed comparisons of the flight data obtained over the 
mission lifetime to model predictions as well as data from other spacecraft, namely GOES- 
11, INTEGRAL and STRV-b. Modelling of the CEDEX LET telescope using TRIM-90 and 
Mulassis indicated that for a nominal quiet time Cosmic Ray environment, the lowest 3 
channels, initially thought to be sensitive to protons were in fact more sensitive to alpha 
particles. 
6.1.2. Proton Environment 
The two radiation monitors on GIOVE-A are both sensitive to protons. It was discovered 
however that the CEDEX instrument is more sensitive to Alpha particles due to the LET 
range covered. Merlin does not have this problem however as the instrument consists of an 
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independent pair of telescopes, one for heavy ions, the other solely for >40MeV protons. 
This later telescope measured the proton flux encountered by GIOVE-A over the nominal 
mission lifetime. Proton fluxes were measured in regions where L>8 to avoid both electron 
contamination and geomagnetic shielding. 
The proton environment was found to be fairly constant over the period studied with a period 
of intense enhancement in December 2006 due to four SPEs associated with an unusually 
active sunspot for solar minimum which released a series of X class flares whilst on the 
Earth facing side of the Sun. During this period, the Proton flux was enhanced by three 
orders of magnitude for a number of days. In addition, a minor event was encountered in 
July 2006 associated with an M class flare, which merely doubled the low background flux. 
The background flux encountered was -1.5 times lower than that expected from the 
CREME-86 M=1 model. During the December 2006 SPEs, the proton flux as measured by 
Merlin was a good match to that measured by the GOES-11 spacecraft in GEO. 
The total fluence of proton originating from these events, whilst occurring at solar minimum, 
was compared to solar proton models for solar maximum to determine if they would have a 
similar magnitude to solar proton predictions. Comparisons were made to the JPL-91, King 
and ESP models and it was found that the fluence detected was approximately equivalent to 
50% confidence predictions (ie: the mean case) for a typical year at solar maximum for both 
the JPL-91 and ESP models, whilst exceeding the King mean case model by an order of 
magnitude. The fluence was found to be an order of magnitude less than that from 95% 
confidence models. Despite the rarity of these events at solar minimum, it may be prudent to 
include an average (50% confidence) year of JPL-91 solar protons in the design margins for 
a mission over solar minimum as a precaution. 
The background proton environment was found to be increasing in flux as the solar cycle 
reached its minimum due to a lessening of the Sun's influence, allowing more GCRs to 
penetrate into the solar system. 
6.1.3. LET environment 
The two instruments CEDEX and Merlin carry LET telescopes. An issue with the binning of 
energies in the Merlin telescope has rendered this data of little use until this issue is resolved. 
The CEDEX LET telescope on the other hand has provided a consistent measurement of the 
heavy ion environment with few problems. An issue with the coincident/non-coincident 
detection in the CEDEX instrument required a modified geometric factor to be determined. 
In addition, an EMC issue led to the contamination of the lowest three channels in the non- 
coincident data, however the coincident data is unaffected. 
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LET measurements from CEDEX were a very good match to predictions for the M=3 worst 
case cosmic ray level CREME-86 model. The series of events in December 2006 also 
enhanced the heavy ion spectrum, particularly in regions that become dominated by protons 
and alpha particles. At higher LET, the enhancement was less pronounced. The enhancement 
at lower LETs lies between the M=5 and M=7 flare time CREME-86 model 
6.1.4. Charging Environment 
The charging environment encountered by GIOVE-A was measured by the SURF instrument 
in Merlin. SURF allows for a direct measurement of electrons, without other influences from 
protons heavy ions or bremsstrahlung and so is a "pure" electron detector with a very good 
SNR. As such, SURF measured the trapped electron environment, detecting the passage of 
GLOVE-A through the outer radiation belt and the variations of the belt in both space and 
time. The environment was found to be highly variable, with a strong 27-day modulation. 
This periodicity is due to the solar synodic rotation and persistent features on the Sun's 
surface. The enhancements are tied to an increase in the solar wind speed. This primarily 
occurs due to Coronal holes on the Sun, regions with open field lines allowing the release of 
the fast solar wind into the solar system. Enhancements also occurred during the SPEs in 
December 2006. The environment was also generally more active around the equinoxes, due 
to a better magnetic connection between the Earth and Sun. These periodicities make it 
possible to predict when the spacecraft will encounter a more severe environment and steps 
can be taken to mitigate the risks if deemed necessary. 
Comparisons between data obtained from SURF with electron environment models were 
performed. AE-8, the primary engineering model of the environment was found to under- 
predict slightly at the peak of the radiation belt, whilst being a good match to the flight data 
for the entire orbit. Differences in the magnetic field models used for flight data and that of 
the AE-8 model could be partially responsible for this discrepancy. Indeed, the trend in flight 
data across differing L shell shows a different distribution from that expected from AE-8. 
Comparisons to FLUMIC showed that the charging current encountered generally stayed 
well below the levels predicted by the worst-case model. However, two periods in December 
2006 and December 2007, showed a charging current greater than model predictions. The 
first of these was due to the SPEs occurring that month and so can be disregarded as this was 
an anomalous event. The second event however was due to a normal CIR associated 
enhancement. The FLUMIC model is time variable and so the peak charging current 
encountered in the mission lifetime should be used for design purposes. As such, any 
mission lasting more than a couple of months would be designed to more stringent 
requirements. 
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A comparison of SURF data to data from the IREM instrument on INTEGRAL was 
performed, modifying the AE-8 spectrum prediction from Monte Carlo modelling based on 
the >0.8MeV integral electron flux from IREM compared to the >0.8MeV AE-8 MIN 
integral flux. Despite having a very different orbit, the INTEGRAL observatory passes 
through the electron belt at similar locations as GIOVE-A and therefore SURF data for 
4.5<L<5 could be compared to the charging current expected from the IREM modulated AE- 
8 energy spectrum by combining it with the GRAS modelling of the Merlin instrument. This 
yielded a very good match between the upper SURF plate and the IREM derived predictions. 
6.1.5. Dose Environment 
The dose environment encountered by GIOVE-A was measured by both the CEDEX and 
Merlin instruments. CEDEX using dose rate sensitive photo diodes and Merlin using TID 
sensitive RADFETs, producing a complimentary data set. Sensitive primarily to electrons 
and associated secondary particles, all the dose received in both instruments was encountered 
during passages of the radiation belt, specifically during enhancements of the belt. 
Dose rate data from CEDEX was compared to AE-8 model predictions based on GRAS 
modelling of the instrument for 4.5<L<5. These showed that the 2mm Al shielded diode 
detected a dose rate somewhat less than that expected from AE-8, whereas the 4mm Al 
shielded diode detected a dose rate approximately in line with model predictions. Dose rates 
for the copper shielded diodes were difficult to differentiate from the residual thermal 
response of the diodes. Modelling of the CEDEX dose rate diodes was determined to be poor 
compared to that of the Merlin SURF plates with each gving an opposing result on the 
environment, SURF suggesting the electron environment was more severe than model 
predictions, and CEDEX dose rates suggesting the opposite. Nevertheless, the results from 
the 2mm Al and 4mm Al shielded diodes were within a factor of two of the AE-8 MIN 
prediction, the quoted margin of error for the model, with 2006 being a good match to the 
model. 
The Merlin RADFETs were modelled using SSAT to determine the TID expected from AE- 
8. The 3mm Al in the +Z shielded RADFET showed a very good match to the model 
predictions, despite a degree of variation around the predicted dose due to the inherently 
variable environment. The 6mm Al in the +Z shielded RADFET however showed a TID 
approximately 3 times that predicted by the AE-8 model. This could represent a harder 
energy spectrum than that expected from AE-8. However, a number of other factors should 
be considered. The RADFETs used in Merlin have been found to demonstrate ELDRS, and 
therefore the true dose encountered by this RADFET may be less than that measured. In 
addition, there it is possible that the packaging of the RADFET was not properly simulated 
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due to the sectoring analysis normalising the response of all shielding to that of Aluminium, 
incorrectly representing the dose enhancement effects of higher Z materials. Monte Carlo 
modelling of the RADFETs was attempted, however the small feature size of the RADFET 
gate oxide made modelling difficult and poor statistics resulted. 
The total dose detected by the CEDEX dose rate diodes was determined by summing dose 
rates over the mission period. This showed a good empirical match to the total dose detected 
by the Merlin RADFETs. The ratio between the doses in the 2mm Al and 4mm Al diodes 
remained fairly constant over this period, with the dose in the 4mm Al shielded diode being 
-17% that of the 2mm Al shielded diode, compared to -14% predicted from GRAS 
modelling. However, modelling statistical errors and the removal of doses received whilst 
the 2mm Al shielded diode was saturated bring these figures into closer agreement. 
Despite the discrepancy between the 6mm Al +Z RADFET TID and that predicted from 
modelling, the data generally suggest the dose environment is a poor spectral match to that 
expected from AE-8, indicating a harder spectrum than that predicted. However, the inherent 
inaccuracies in the modelling of the CEDEX dose rate diodes as well as potential dose 
enhancement and ELDRS effects in the Merlin RADFETs can explain this difference and in 
fact the electron energy spectrum is likely similar to that predicted by models, as suggested 
by SURF data. In any case, the ELDRS effect or the dose enhancement taken alone both 
bring the total dose from the 6mm Al +Z RADFET to within the factor two error of AE-8. 
6.1.6. Derived Electron Spectrum 
Data from SURF and the Merlin Proton Telescope were combined with that from IREM on 
board INTEGRAL to create an integral flux spectrum from the period of study. A conversion 
factor from charging current to integral flux was determined from GRAS modelling of SURF 
for each collector plate, as well as the critical energy for each for integral flux measurements. 
Monte Carlo modelling of the Merlin Proton Telescope established a linear relationship 
between the number of counts registered due to pulse pile-up and the integral flux 
encountered. The fluxes encountered by IREM were determined by applying a conversion 
factor to each channel, supplied by ESA. Together, these sources constituted 7 data points, 
covering 0.1MeV to 2.8MeV. 
This energy spectrum was compared to AE-8 and CRRESELE model predictions from 1991, 
as well as data from the STRV-b spacecraft from 1995. This showed that the derived 
spectrum was consistent with AE-8 predictions, specifically AE-MAX, though does fall 
below model predictions slightly at high and low energies. CRRESELE showed a fair match 
at mid energies to both AE-8 and the derived spectrum, however dropped In flux at higher 
energies. STRV data was consistent with both AE-8 and the derived spectrum at higher 
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energies, but was very much greater than model predictions at mid energies. These 
comparisons show that the variability throughout the solar cycle and between solar cycles is 
considerable. 
6.2. Achievements Of This Research 
The following conclusions have been drawn from this research: 
" The proton environment was found to be generally quiet with a mean flux -i. 5 times 
less than that expected from CREME-86, M=l; 
An upwards trend in proton flux with time was found and is likely due to the 
decrease in solar influence at solar minimum allowing a greater flux of GCRs; 
" One period of significantly increased proton flux was encountered due to a series of 
SPEs related to a particularly active sunspot in December 2006, the total fluence 
from this event was however substantially less than that expected from the 95% 
confidence JPL-91, ESP and King models for a year at solar maximum. However, 
the total fluence measured by Merlin was found to be approximately equivalent to 
the 50% confidence mean case for a year at solar maximum; 
9 The heavy ion LET spectrum as measured by CEDEX was a very good match to that 
predicted by the CREME-86 90% worst case cosmic ray level (M=3) 
" The LET spectrum became enhanced as a result of the SPEs in December 2006, 
matching the M=5 and M=7 CREME-86 models, having greater enhancement at 
lower LETs, due to protons and alpha particles; 
" The electron environment as measured by SURF was found to be a good match to 
the AE-8 model for the period studied, though a substantial periodic variability was 
encountered due to the action of the fast solar wind on the Earth's magnetosphere 
originating from coronal holes; 
" Dose data from the Merlin and CEDEX monitors indicated a harder energy spectrum 
than that expected from AE-8, however, flaws in modelling and ELDRS effects can 
explain the discrepancy to within the factor two error margin of AE-8; 
"A seven-point energy spectrum was derived using Merlin and INTEGRALILREM 
data for a direct comparison with AE-8, CRRESELE and STRV data. This 
demonstrated that the environment encountered by GIOVE-A as well as IREM 
within the radiation belt is generally a good match to the AE-8 model, particularly 
the solar maximum version, and is within the quoted margin of error of a factor two. 
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6.3. Future Work 
This research is a first look at the environment to be encountered by the Galileo 
constellation. As such, there are a number of areas where the research could be expanded. 
6.3.1. A Requirement For More Data 
This research has presented data from a period of -2 % years in the Galileo orbit, during the 
enhanced declining phase of the solar cycle. Proton and heavy ion phenomena are well 
understood and the geomagnetic shielding afforded a satellite can be determined. However, 
to gain a full understanding of the electron environment, appropriate to the >I 0 year lifetime 
of a navigation satellite, data must be gathered covering at least a whole solar cycle. 
Variations occur at different times of the solar cycle, with more CIR associated events 
around the declining phase, as observed in GIOVE-A data, and more CME associated events 
occurring around solar maximum. INTEGRAL data has been used to study the environment 
back to the end of 2002, however this still constitutes the declining phase of the solar cycle. 
The yearly variation seen in these data shows that whilst for the period studied, the AE-8 
spectrum differed from the data obtained from the GIOVE-A instruments, this may not be a 
reflection of the long-term average case which AE-8 was designed to model. 
It therefore seems appropriate to continue flying radiation monitors in this environment, 
beyond the mission life of GIOVE-A. Indeed, the delayed GIOVE-B spacecraft carries an 
SREM instrument, which has been collecting data since its launch in April 2008. This data 
allows for a cross comparison with the GIOVE-A radiation data, as well as possibly 
extending the time frame of the environment data forward by two years. A comparison of the 
derived electron spectrum to STRV data showed a substantial difference to data from the 
previous solar cycle, emphasising the case for an extended data set. 
Despite the radiation data from the GIOVE spacecraft, monitors on-board the IOV spacecraft 
at least, if not the final constellation, would be required to gain a fuller understating of the 
environment. These monitors would also be of use to determine if any anomalies observed 
on the spacecraft are radiation related. Continuous monitoring of the environment takes place 
with both the US GPS and Russian GLONASS systems. 
6.3.2. New Radiation Monitor 
The two radiation monitors on GIOVE-A give complimentary data, whilst also representing 
a level of redundancy. Despite their small mass and power requirements, the use of two such 
devices on each of the Galileo navsats would likely not be possible. Therefore, a new 
compact radiation monitor would be required, incorporating aspects of both. Since all the 
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satellites are in the same spatial environment, each monitoring satellite need not incorporate 
all detectors, i. e: One satellite may carry an LET telescope whilst another carries a total dose 
monitor. In this regimen, less than a third of the Galileo spacecraft carrying very low 
power/low mass instruments could provide two sets of LET telescopes, RADFETs, SURF- 
like charging monitors and CEDEX-like dose rate diodes. Therefore, a modular instrument 
would be ideal for radiation monitoring for the constellation, limiting the mass and power 
requirements for each satellite, whilst also providing a comprehensive data set. 
6.3.3. Electron Environment Model 
Ultimately, data obtained from the GIOVE spacecraft and any further Galileo radiation data 
can be used to construct a model of the environment. This could take the form of an 
independent model, as with CRRESELE, or as a supplement to an existing model such as 
AE-8. Due to the relatively small coverage of the Galileo data compared to the GTO 
coverage of CRRESELE, the later option would be more appropriate. Alternatively, Galileo 
radiation data could be combined with that from GPS and GLONASS satellites to form a 
more extensive model of the MEO electron environment than that being developed by 
ONERA [SICA-06b]. 
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APPENDIX B -ANCILLARY DATA 
AE-8 Integral Flux Spectra 
Energy/MeV Integral Flux/cm' s' 
4.5<L<5 Full Orbit 
0.04 4.438x107 2.243x107 
0.1 3.287x107 1.561x107 
0.2 2.248x 107 1.001x107 
0.3 1.578x 107 6.674x 106 
0.4 1.138x107 4.594x106 
0.5 8.211 x 106 3.177x 106 
0.6 6.436x 106 2.389x 106 
0.7 5.046x 106 1.802x 106 
0.8 4.071x106 1.409x 106 
I 2.807x 106 9.239x 105 
1.25 1.684x 106 5.381x105 
1.5 1.011x106 3.140x 105 
1.75 6.154x 105 1.905x 105 
2 3.748x105 1.156x105 
2.25 2.349x 105 7.045x 104 
2.5 1.473x105 4.303x 104 
2.75 8.966x 104 2.603x 104 
3 5.458x104 1.575x104 
3.25 3.212x 104 9.236x 103 
3.5 1.890x 104 5.419x 103 
3.75 9.992x 103 2.874x 103 
4 _ 5.282x 103 1.524x 103 
4.25 2.530x103 7.312x102 
4.5 1.211x103 3.508x102 
4.75 4.488x102 1.225x 102 
5 1.664x 102 43.21 
5.5 13.63 3.087 
Table B-1 AE-8MIN Full Orbit Integral Flux From SPENVIS 
CEDEX Dose Rate Diode Thermal Eauations 
Period 2mm Al 4mm Al 2mm Cu 4mm Cu 
28/12/2005 to -0.5785T+9.2877 1.6390T+78.682 -1.2724T+171.8635 1.7679T+72.909 25/11/2006 
25/11/2006 to -0.5785T+9.2877 1.6390T+74.692 -1.2724T+167.9515 1.7679T+69.49741 11/08/2007 
11/08/2007 to -0.5785T+9.2877 1.6390T+74.692 -1.2724T+181.0813 1.7679T+69.49741 31 / 12/2007 
31/12/2007 to -0.57857+9.2877 1.6390T+74.692 -1.2724T+181.3640 1.7679T+69.49741 
resent 
Table B-2 CEDEX Dose Rate Diode Thermal Calibration Equations 
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CEDEX RAMDISK SEU Test Data 
Test Component: IS61C1024-20M, 1Mbit ISSI SRAM 
LET/MeVcm" " SEU Cross-section/ cm2 bif 
1.7 1.5x10''° 
2.5 1. Ox 10'9 
4 1.5x10"8 
6 2.0x10-8 
10 7.0x 10-8 
20 6.0x 10'7 
30 9.0x 10', 
50 1.5x10-1 
68 2.0x10«(' 
Table B-3 - Heavy Ion SEU Cross-section Estimated From Data Plot IPOIV-981 
LET/MeVcrn SEU Cross-section/ cm bif 
11 1.2x10"'5 
15 1.9x10-14 
22 1. IX10"l3 
43 2. Ox 10'13 
65 2. Ox 10-13 
Table B-4 - Proton SEU Cross-section Estimated From Data Plot IPOIV-981 
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GLOVE-A SHIELDOSE-2 Dose Depth Curve 
Total mission dose (rad) 
-T- - 
-- - Al absorber thickness ( 'Trapped 
--; Total (mm) E(mils) 1(gcm-2) electrons 
( 
0.050 i 1.968 0.014 j 6.405E+07 i 6.39)E+07 
ý_. - ----__ . ßrems- Trapped 
strahlun protons 
1.234E+05 0.0001: +00 
0.100 3.937 0.027 3.795E+07 3.787E+07 7.953E+04 0.000E+00 
0.200 7.874 0.054 1.900E+07 1.895E+07 4.573E+04 0.000E+00 
0.300 11.811 0.081 1.121E+07 1.118E+07 3.025E+04 0.000E+00 
0.400 15.748 0.108 7.294E+06 7.272E+06 2.163E+04 0.000E+00 
0.500 19.685 0.135 5.016E+06 4.999E+06 1.644E+04 0.000E+00 
10.600 23.622 0.162 3.609E+06 3.596E+06 1.307E+04 0.000E+00 
0.800 31.496 0.216 2.119E+06 2.110E+06 9.013E+03 0.000E+00 
1.000 39.370 0.270 1.368E+06 1.361E+06 6.742E+03 0.000E+00 
1.500 59.055 0.405 5.296E+05 5.257E+05 3.966E+03 0.000E+00 
12.000 78.740 0.540 2.352E+05 2.325E+05 2.736E+03 0.000E+00 
2.500 98.425 0.675 1.155E+05 1.134E+05 2.078E+03 0.000E+00 
13.000 118.110 0.810 6.147E+04 
5.978E+04 1.690E+03 0.000E+00 
4.000 157.480 1.080 1.854E+04 1.728E+04 1.262E+03 0.000E+00 
5.000 196.850 1.350 6.273E+03 5.246E+03 1.027E+03 0.000E+00 
16.000 236.220 1.620 2.747E+03 1.867E+03 8.796E+02 0.000E+00 
F7-. 000 
r-- 
275.590 1.890 1 1.467E+03 
6.909E+02 7.760E+02 0.000E+00 
8.000 314.960 2.160 9.246E+02 2.270E+02 6.976E+02 0.000E+00 
19.000 354.330 2.430 6.996E+02 6.136E+01 6.383E+02 0.000E+00 
10.000 393.700 2.700 6.038E+02 1.275E+01 5.910E+02 0.000E+00 
12.000 472.440 3.240 5.170E+02 1.006E-01 5.169E+02 0.000E+00 
114.000 551.180 3.780 4.621E+02 4.072E-04 4.621E+02 0.000E+00 
16.000 629.920 4.320 4.189E+02 5.811 E-07 4.189E+02 0.000E+00 
18.000 708.660 4.860 3.833E+02 0.000E+00 3.833E+02 0.000E+00 
120.000 787.400 5.400 3.499E+02 0.000E+00 3.499E+02 0.000E+00 
Table B-5 SPENVIS SHIELDOSE-2 Dose Depth Function For GLOVE-A For A Two Year 
Mission For Centre Of Al SpheresISPEN-071 
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